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predators. Part 1: Modelling the predator-prey interaction at the individual level. Agric. 
Res. Rep. (Versl. landbouwk. Onderz.), 910, ISBN 90 220 0776 6, (vi) + 242 p., 42 figs, 72 
tables, Eng. and Dutch summaries, 10 App., 253 refs. 
Also to be used as Doctoral thesis, Wageningen. 
The searching behaviour of individual predators of four phytoseiid species (Phytoseiulus 
persimilis, Amblyseius potentillae, Amblyseius bibens, Metaseiulus occidentalis) is investi-
gated in relation to the two-spotted spider mite (Tetranychus urticae), which infests green-
house roses. Especially the role of spider-mite webbing in the predator-prey relation is 
studied. Webbing interferes with searching, decreasing the rate of encounter per unit prey 
density. Low walking speeds and activity in webbing ensure that the predator is rarely dis-
turbed after contact with other mites. Webbing also positively influences searching, as 
spider mites aggregate within the webbed area: prey density, defined here as the number of 
prey per square centimetre of webbed leaf area, is high, as is the rate of encounter with 
prey. The ability to capture a prey after tarsal contact depends on the food content of the 
gut, the prey-stage and, in two specific cases, the webbing; the success ratio of P. per-
similis increased on a webbed substrate, that of A. potentillae decreased. 
Models to simulate rate of prédation on the basis of the dynamics of the motivational 
state and the state dependent rate of successful encounter are proposed. The food content 
of the gut is chosen as an indicator of the motivational state. A stochastic queueing model 
simulates prédation as accurately as a Monte Carlo model or a compound simulation model. 
The queueing model is preferred because of its economic use of computer time and the rela-
tively few variables used. The model was validated in prédation experiments. 
Systems analysis showed that the effect of temperature on the rate of prédation is large-
ly determined by its relation with the relative rate of food conversion into egg biomass 
and not by behavioural changes related to temperature. Also, it was shown that webbing has 
an important influence on the prédation rate. A new model for the analysis of prey-stage 
preference is proposed. 
Predators invade the webbed leaf area after contact with the silk strands, irrespective 
of the presence of prey. The residence time in the prey colony is determined by prey density. 
Simulation of experimentally defined walking behaviour shows that predators remain in prof-
itable prey patches by turning at the edge of the webbed leaf area. However, when predator 
density increases, the tendency to leave the prey colony also increases, even at high prey 
densities. Only A. potentillae avoided the webbed leaf area, preferring the thickest parts 
of the leaf ribs or other protected places on the plant. 
A survey of references on'life history data is presented; emphasis is given to the role 
of food, temperature and relative humidity. Experiments by the author show that oviposition 
history of predatory females is a major factor in determining the actual rate of food con-
version into egg biomass; and that the egg stage of the predators is very vulnerable to 
relative humidities below 70%, though the évapotranspiration of the plant and the hygro-
scopic properties of the webbing buffer this to some extent. As the juvenile mortality of 
the phytosends increases above 30°C, and that of the two-spotted spider mites above 35°C, 
spider-mite control at temperatures above 30°C is not effective. 
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and P. persimilis. Some trials with alternative food supply did not improve survival rates 
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The rate of increase of the webbed area per individual spider mite is quantified by ex-
periment. This knowledge will enable continuous monitoring of the prey density during simula-
tions of the predator-prey interactions on the population level. 
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1 Introduction 
1.1 CONTROL OF SPIDER-MITE OUTBREAKS 
Spider Mites (Acarina: Tetranychidae) are a continuous potential danger 
to many food and ornamental crops. Their high reproductive potential and 
rapid development form the basis for a high capacity of population increase. 
Hence the outbreaks can develop even shortly after pesticide treatment. 
Moreover, they appear to develop resistance to many chemicals that initially 
gave effective control (Helle & van de Vrie, 1974). This results in a vicious 
circle of pesticide development and resistance. Therefore alternative control 
strategies need to be developed. Apart from supervised control strategies 
there are four major alternatives: 
- plant breeding for resistance to spider mites (e.g. de Ponti, 1977a). 
genetic control strategies 
to reduce the fertility of female spider mites by the introduction of 
sterilized males (Nelson, 1968; Nelson & Stafford, 1972) or males with 
chromosomal rearrangements (van Zon & Overmeer, 1972; Overmeer & van Zon, 
1973). 
to displace the endemic spider-mite population by a mite strain that is 
not resistant to certain pesticides or very sensitive to extreme tempera-
tures, which can be easily brought about in greenhouses (Feldmann et al., 
1981). 
control by a fungal epidemic in the mite population (Shagunina, 1977; 
Gerson et al., 1979). 
control by predators (e.g. Huffaker et al., 1970). 
The choice of a specific method or a combination of methods depends very 
much on agricultural practice and the demands of the grower/consumer with 
regard to the product. The present study aims to elucidate the potential 
role of some predatory mites (Acarina: Phytoseiidae) for the control of the 
two-spotted spider mite, Tetranychus urticae (Acarina: Tetranychidae), by 
systems analysis so that new options for integrated pest management may be 
developed and compared with alternative control strategies. The results of 
these studies are described in two subsequent Agricultural Research Reports 
concerning investigations in the laboratory (Part 1) and the greenhouse 
(Part 2). 
1.2 DESCRIPTION OF THE PREDATOR-PREY SYSTEM 
The two-spotted spider mite, Tetranychus urticae Koch, is a serious pest 
in the greenhouse culture of ornamental roses. Since 1967, dienochlor [per-
chlorobi(cyclopenta-2,4-dienyl)] has been used for chemical control of this 
spider mite in ornamental crops. Because pesticide resistance may evolve 
(McEnroe & Lakocy, 1969), alternative methods of crop protection have to be 
investigated. It is desirable to replace chemical spraying by biological 
control. Encouraged by the successful use of Phytoseiulus persimilis as a 
controlling agent of the two-spotted spider mite in greenhouse cucumbers in 
the 'Westland' district of the Netherlands (Bravenboer, 1963; Woets, 1976), 
some rose growers started to use this predatory mite with reasonable suc-
cess (van de Vrie, personal communication). As in cucumbers, the predators 
are introduced at each spider mite outbreak. 
This method of spider-mite control will only be accepted by the majority 
of the growers if it can be achieved with no decrease in rose production or 
quality and if it costs no more than treatment with chemical pesticides. 
Moreover, because rose bushes are exploited for 5-7 years, the use of pred-
atory mites would be especially attractive if long-term control could be 
achieved with only a few initial predator introductions. These requirements 
can not be met as yet, so that a critical evaluation of the use of predatory 
mites is necessary. That evaluation should include assessment of the eco-
nomic-damage level and quantification of the potential for control by the 
predatory mites. The economic-damage level is being studied by van de Vrie, 
an entomologist at the Research Station for Floriculture in Aalsmeer, The 
Netherlands. Studies on the potential for control by predatory mites, done 
upon van de Vrie's suggestion, are the topic of this report. 
The substrate of Tetranychus consists of leaflets, shoots, bushes and 
hedges (Fig. 1). The rose shoots that rise above the hedges are harvested 
at an early stage of flowering. Because quality roses have to be free of 
Fig. 1. Greenhouse culture of ornamental roses. Cross section of rose 
hedges separated by walking paths. Dotted line indicates the boundary 
between the 'maintenance' leaves and the leaves of the rose shoots that 
will be harvested. 
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Fig'. 2. Scanning electron micrograph (magnification 50 x) of the oviposi-
tion female of Tetranychus urticae. 
any damage, the leaves of these shoots should be carefully protected against 
spider-mite infestation. On the other hand, it is acceptable for the hedge 
beneath the economically important part to be slightly damaged. 
Adult females (Fig. 2) are the founders of the spider-mite aggregations 
on the underside of the leaves, which are frequently located near to an 
edge or a rib of the leaves. The juveniles (egg, larva, protonymph, deuto-
nymph and the different moulting stages) and the adults live in self-
produced webbing. The pre-ovipositional females disperse after mating to 
other leaves, where they begin new colonies. The population growth and dis-
persal apparently result in compact foci of infestation. The upward dispers-
al out of the hedge leads to colonization of the upper leaves of the rose 
shoots. This must be prevented by one or more introductions of predatory 
mites. 
The mites feed on the leaf parenchyma, which causes spots that reduce the 
immaculate appearance required of quality roses. Losses caused by mite feed-
ing are more serious therefore than in other greenhouse crops, like the 
cucumber or Gerbera, where the fruits or the flowers are sold and not the 
leaves, so that only the photosynthetic function of the leaves is of con-
cern. 
Clearly, predatory mites must prevent the upward dispersal of the plant-
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Phytoseiulus persimilis. 
B. Afflèl^seius potentillae. 
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C. Amblyseius bibens. 
D. Metaseiulus occidentalis 
feeding mites from the hedge by controlling the prey population within the 
hedge. Phytoseiid mites feed on all stages of the spider mite and deposit 
their eggs in the spider mites' webbing. The sequence of developmental 
stages is similar to that of the spider mites, but much less time for moult-
ing from one stage to the other is required. Similar to spider mites, only 
female adult phytoseiids disperse, and only after mating. However, in con-
trast to their prey they do not disperse predominantly in the pre-oviposi-
tion phase, but rather during their whole adulthood. How the tetranychid 
and phytoseiid females disperse from colony to colony, leaflet to leaflet, 
shoot to shoot or hedge to hedge, and the factors that induce their disper-
sal are major topics of this report. 
Because the time needed for the spider-mite population to double varies 
between only 2-4 days, their numerical increase is rather explosive. Hence 
the timing, the dose and the potential for control by the phytoseiid species 
used is of crucial importance, the more so because - in contrast to immedi-
ate extermination by acaricide spraying - the prey numbers keep increasing 
for some time after predator release. The increase of colonized area and 
the time lapse between predator release and decline in prey numbers will be 
treated in Part 2 of this Agricultural Research Report (to be published). 
These problems are investigated for four phytoseiid species: Phytoseiulus 
persimilis, Amblyseius potentillae, Amblyseius bibens and Metaseiulus occi-
dentalis (Fig. 3). 
Because a spider-mite outbreak cannot be easily detected in its early 
stages by a grower, the possibility of leaving this task to the predators 
was investigated. Special attention was therefore given to the ability of 
the predator to search for scarce prey aggregations, to withstand starva-
tion and to survive on alternative food in periods of spider-mite scarcity. 
Although the four phytoseiid species studied are more or less specialized 
predators of tetranychids, there are conspicuous differences in their diet-
ary range. These are treated in Part 1. The problem of choosing a favourable 
combination of predatory capacity and dietary range for the control of two-
spotted spider mites in the greenhouse culture of ornamental roses will be 
treated in Part 2. 
1.3 EXTRAPOLATION FROM LABORATORY TO GREENHOUSE 
Experiments in which predatory mites are introduced into greenhouses to 
1970^° o r " " miteS ^  ln S ° m e CaS6S been SUCCeSSful <*rf**er et al. , 
Z L ° b S e r V a t l 0 n S in t h e henhouse (population estimates, assessment of 
predator-prey ratios and distributions) and laboratory experiments (life 
tables, prédation rates, mutual interference among predators, effects of 
Ïor!ermir CrOWding) Wlth SeVeral tetran*chid «* Phytoseiid species have 
IL" ""f" the U n d e r S t a n d i n* ° f the *»aging capacity of the prey 
and the controlling potential of the predators, it is tempting to extrapo-
late laboratory observations to the practical greenhouse situation, but 
such extrapolations need to be validated. This problem can best be tackled 
by modelling the predator-prey system, computing the population fluctuations 
with the model and comparing the results with data gathered in the green-
house. 
Such a study may provide interesting starting points for further research 
in an iterative process of evaluation and design. Maybe practical results 
will follow, but it is not suggested that this method will give rise to 
fully reliable control methods by itself; large-scale validation under dif-
ferent conditions generally takes an excessive amount of time and models 
cannot approach the complexity of biological systems, if only because of 
the limited capacity of computers. Nevertheless attempts to validate con-
cepts of biological systems need encouragement as they lead to a better in-
sight into the use of biological control agents in an agro-ecosystem. 
Examples of such validations can be found in the modelling studies of Fransz 
(1974: Tetranychus urticae - Netaseiulus occidentalis), Rabbinge (1976: 
Panonychus ulmi - Amblyseius potentillae), Wollkind & Logan (1978: Tetrany-
chus mcdanieli - Netaseiulus occidentalis) and Dover et al. (1979: Panony-
chus ulmi - Amblyseius fallacis). 
The model of Fransz (1974) is based on a component analysis of the pred-
atory behaviour of Metaseiulus occidentalis: it simulates the rate of pré-
dation on prey eggs and prey males distributed over a small bean-leaf disc. 
Rabbinge (1976) and Wollkind & Logan (1978) based their population model of 
the predator-prey interaction on measurements at the individual level of 
life history traits and the rate of prédation. By using small leaf-discs 
the interaction surface is easily defined and prey density can be directly 
assessed as long as the prey is randomly distributed over the disc. In this 
way variables like the rate of prédation and the rate of reproduction by 
the predator were measured in relation to the density of the prey. 
The latter authors simulated the predator-prey interactions in larger 
ecosystems (e.g. the orchard) by simple extrapolation of the measurements 
on the leaf-discs to the surface of the ecosystem, e.g. 
5 prey eggs _ 5-1012 eggs 
1 cm2 1-1012 cm2 
This assumes that the prey is randomly distributed and that the predator 
searches for prey in a random fashion. But the distribution of tetranychids 
in the field as well as in the greenhouse crops is generally clustered (e.g. 
Croft et al., 1976) and as it is likely that predators tend to aggregate at 
prey colonies, it is relevant to include these aspects for the understand-
ing of the population fluctuations of predator and prey. 
Dover et al. (1979) recognized this problem. They directly monitored the 
result of the dispersal process in the practical situation of the orchard 
by counting the number of prey mites and predatory mites on each leaf of a 
representative sample of leaves. These mite counts were used to create sepa-
rate frequency distributions for predator and prey. An appropriate two-para-
meter model, the negative binomial distribution, was used for description 
of the frequencies. By assuming the independence of the predator and prey 
distributions, their descriptive models were related to each other in a 
joint probability function. This function was used in a predator-prey model 
to account for predators occupying leaves at below-mean or above-mean prey 
densities. However, this implies that each leaf has the same probability of 
containing a given number predators, irrespective of the number of prey. 
Whether or not this is true, it remains difficult to understand how the 
- presumably prey-density related - prédation and dispersal give rise to a 
dispersion that can be described by a negative binomial function. Moreover, 
by representing the predator-prey distribution by frequency distributions, 
the positions of the colonies and the leaves with respect to each other are 
not considered, so that the spatial mosaic of predator and prey colonies is 
eliminated as an aspect of predator-prey interaction. 
None of the above models include the dispersal mechanisms of predator 
and prey in relation to the heterogeneity of the environment. These factors 
can affect the persistence of prey and predator populations in an ecosystem, 
as shown by Huffaker (1958) in an experimental study of the interaction be-
tween a predatory mite (Metaseiulus occidentalis) and a spider mite (Eotetra-
nychus sexmaculatus) in artificial universes differing in complexity. He 
constructed an environment of interconnected oranges that were suitable as 
a food source for the prey. Some days after the introduction of the spider 
mites on their substrate, the predators were released. They exterminated 
the spider mites within a month. Apparently the predators were able to cover 
the whole substrate in search of prey. However, when these walking predators 
were prevented from dispersing, using vaseline barriers, and prey dispersal 
by ballooning- was stimulated with low-velocity air currents, prey and 
predator survived for six months in this artificial ecosystem. Therefore 
more detailed modelling and experimentation are needed to elucidate the 
In d eprey d l S P e r S a l ^ h e t e r ° g e n e i t y i n t h e Population dynamics of predator 
enceTfT ^ ^ * *' ***** **° aCCOUat' ™ f ° r «»**•' the influ-
den itv o n e T rOSe"CrOP h e t e r ° * e n e i t * ' «» *«ect of P^y and predator 
spent i r r " 6 timS ° f the P r e d a t ° r ln a ^ C O l ° ^ « d the time 
ne ded In wh' T l ^ ^ ^ ** * * * M t ° n - I n * ^ ° » * ^ e l is 
the pred t , ^ ^ m e C h a n i S m S " " ^ ^ ^ incorporated and 
Tl x l H P r e y d i S t r i b U t i 0 n S " e * * » « * " in space. But such a com-
s mpli: les??" 3 a l0t °f C O m P U t i n g tlme- " W ° U l d b e d e s i " ^ to use a 
pr ri
 s
1
t
e
a
S
t
S
e
t T " C O n S U m i n g m0del- H O W e V e r< " is - t possible to make ;::;: - ™ i ™ :is™himportance of dispersai ~*»i~ -
y models.
 It is known that the model proposed by Dover et al. 
(1979), in which field measured dispersion parameters of the negative bino-
mial account for the degree of coincidence between predator and prey give 
results that differ considerably from simulations that do not take disper-
sion into account. Because this difference is more a demonstration of the 
static structure of their model than a proof of the importance of the low 
degree of coincidence between predator and prey, it shows once more the 
need for further research on this matter. 
Another aspect of the distribution of Tetranychus spp. that is not con-
sidered in most studies of the functional response and in the modelling 
study of Wollkind & Logan (1978), is that these spider mites aggregate with-
in structures of self-made webbing, in contrast to Panonychus spp., which 
predominantly spin 'lifelines' made of silk strands. As the predator-prey 
interaction takes place only where there are aggregations, prey abundance 
should be quantified as the number of mites per webbed leaf area, instead 
of per total leaf area. Moreover, webbing may play an important role in 
searching and prédation, as indicated by experiments of McMurtry & Johnson 
(1968), Fransz (1974), Takafuji & Chant (1976) and Schmidt (1976). 
Still other factors may contribute to the lack of conformity between 
laboratory and greenhouse experiments, e.g. effects of spider-mite crowding 
during hostplant exploitation and availability of alternate food sources in 
periods of prey scarcity. A final difference between laboratory and green-
house conditions can be found in their microclimates. First, temperature 
plays a very important role in the population dynamics of poikilotherm 
arthropods. For example, a rise in temperature enhances development, stimu-
lates reproduction and increases food consumption. Although a greenhouse, 
in, say, Aalsmeer may seem a well-regulated climatic environment, this is 
only partially true. As a consequence of the variability of the outdoor 
climate and despite of the 'between limits' regulation of the glasshouse 
climate, temperatures range between 10°C and 33°C. Because of this variabi-
lity, temperature has to be measured to enable validation of predator-prey 
models, which incorporate several temperature-dependent variables. However 
this raises a problem with respect to the microclimatic detail needed. As 
rose leaves are rather dark objects, leaf temperature may differ from the 
air temperature, depending on the amount of incident (hedge-penetrating) 
radiation. Due to the small size of the mites (<1 mm) their environmental 
temperature will be determined to an important extent by the leaf. 
Goudriaan (1977) has presented a simulation model that calculates the leaf 
temperature distribution in a canopy on the basis of the weather conditions 
above the canopy, the crop geometry, the optical properties of the leaf and 
the behaviour of the leaf stomata. This model can be coupled to a model of 
arthropod growth (Rabbinge, 1976). Even correction for interception of radi-
ation by the structural elements of a greenhouse can be made, as shown by 
Kozai et al. (1978). 
Unlike the leaf temperature, the humidity near to the leaf cannot be 
computed or directly measured. Moreover, tetranychid webbing covers the 
underside of the leaf and this may interfere-with the microclimate (Hazan 
et al., 1975b). This problem can be eliminated to some extent by using 
webbed leaves of intact plants in controlled humidity cabinets in laboratory 
experiments. The extrapolation of these measurements to the greenhouse situ-
ation can be accomplished via intra-crop humidity profiles, which can be 
calculated from the above-crop weather conditions using Goudriaan's model. 
Although the above-crop weather conditions would have to be measured con-
tinuously, other data for the model, such as the geometrical, optical and 
physiological properties of the leaves, would only have to be measured once 
for intra-crop extrapolation. 
1.4 MODELLING OF THE PREDATOR-PREY SYSTEM 
In modelling a complex system it is advisable to distinguish only two 
levels of causal depth (van Keulen, 1975). Therefore the study described in 
two reports attempts to explain the population fluctuations of predator and 
prey
 ln the greenhouse (Part 2) on the basis of laboratory experiments at 
the individual level (Part 1). The life history parameters (development, 
reproduction, mortality and sex ratio; Part 1 Chapter 2) and the predator-
prey interaction (prédation and dispersal behaviour; Part 1 Chapter 3) were 
measured by studying individual mites in the laboratory. The data obtained 
were fed into a model that computes population growth and generates disper-
sion patterns in space (Part 2). 
These extrapolations to the population level were validated by comparison 
with actual population experiments in the greenhouse. From the discrepancies, 
indications were derived for improving the model. Additional measurements 
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porating this adds another dimension to the predator-prey system (Level 3). 
Finally the prey aggregate in colonies. As new colonies are founded, the 
predators may move from one colony to the other. This emphasizes the final 
level of complexity, the dispersal of the predator (Level 4). 
These four levels are recognizable in the population model as submodels 
that simulate the relative rate of successful encounter at some level of 
the motivational state, the rate of prédation at some level of the prey 
density, the population growth per prey colony, the rate of departure from 
the prey colony and the redistribution of the dispersing mites over the sub-
strate (e.g. prey colonies in case of the predator and leaf surface in case 
of the prey). After validating all submodels separately, predictions were 
obtained from the entire model, which were themselves again validated by 
experiment. 
The model is of the state-variable type (Forrester, 1961); state and 
rate variables are distinguished and mathematical expressions are given to 
calculate the value of each rate variable from the state of the system. 
Examples of state variables are the number of eggs, the motivational state 
of the predator, etc. The rate of egg development, the oviposition rate and 
the prédation rate are examples of some of the rate variables. The state 
variables are updated by rectilinear integration over a sufficiently short 
time interval : 
Yt+At = Yt + R Y' A t 
RY = Yt-RRY 
t = time (e.g. day) 
At = time interval of integration 
Y = state variable (e.g. number) 
RY = rate variable (e.g. number per day) 
RRY = relative rate (e.g. day" ) 
Unfortunately integration methods that continuously adjust the time inter-
val of integration on the basis of some accuracy criterion (e.g. Runge-Kutta/ 
Simpson) cannot be used in the population program. The method for the simu-
lation of dispersion in developmental time (the 'boxcar' method; Goudriaan, 
1973) requires the use of retilinear integration, because some of the rate 
variables involve a division by At (= discontinuous emptying of a 'boxcar'; 
de Wit & Goudriaan 1978, p. 20). Therefore the size of the time interval of 
integration has to be prefixed. As a rule of thumb it has to be smaller than 
20% of the time constant of the integration process (Ferrari 1978, p. 26). 
The inverse of the time constant equals part of the rate RY that is indepen-
dent of Y. For the simple integration above the time constant equals the 
inverse of RRY. 
When the model consists of a system of integrals, the time constant of 
this system is governed by the integration with the smallest time constant, 
to evaluate a number of natural enemies for the biological control of 
arthropod pests. 
Because the time constants of different processes treated in a simulation 
model often differ considerably, the computing effort is inefficient for 
the integration of the slow processes. This problem will be encountered in 
Part 2 with respect to the adaptation of the motivational state of the pre-
dator to a continually changing prey abundance in time and space. Numerical 
integration of difference equations over short time intervals is applied 
because of the complex character of the interactions. For example, the rate 
of successful encounter of the predator with its prey and the preference of 
the predator for the different stages of the prey depends on its feeding 
history. Moreover, temperature influences several rate variables and it 
varies continuously during population growth in the greenhouse. The addition 
of non-linear terms to the differential equations often prevents solution 
by analytical techniques. Numerical methods are the only solution in that 
case.Even when the system consists of only linear differential equations, 
the large number of these equations necessitates the use of numerical tech-
niques (see e.g. Hall & Day 1977, p. 10). 
The use of random numbers to simulate the stochastic character of a vari-
able is not necessarily implied. Most parts of the model have a deterministic 
character. However there are some situations in which the stochastic nature 
of a variable is absolutely basic to the proper modelling of the process. 
Fransz (1974) demonstrated that even when one is only interested in mean 
values, deterministic models of the prédation process can lead to results 
different from those of stochastic models when non-linear relations between 
the rate and state variables of the model are involved. In the model de-
scribed in this report Monte Carlo procedures are applied to simulate the 
predatory mites' walking behaviour (Part 1, Subsection 3.2.4) and capture 
events (Part 1, Subsection 3.3.1). Because of the large amount of replicates 
needed to obtain a reasonable estimate of the mean rate of prédation these 
inefficient Monte Carlo procedures were replaced by more economical alter-
natives whenever possible. For example, the Monte Carlo simulations of the 
prédation process were compared with several alternative models that are 
based on a larger set of assumptions but are much more efficient in terms 
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2 Bionomics of prey and predator 
The framework of a model of arthropod population growth consists of 
stage-specific rates of development and survival, and age (or state) spe-
cific rates of reproduction, sex ratio in the offspring and senescence. 
Such life-history frameworks can be modelled for both prey and predator and 
subsequently Coupled by prey stage-specific prédation rates of each stage 
of the predator (Part 2). 
Rates of prédation will depend on prey abundance, which, therefore, has 
to be quantified. The interference between Tetranychus spp. and their pred-
ators takes place on those parts of the leaf area that are covered with 
webbing, since all stages of the spider mite are aggregated there. To quan-
tify prey abundance therefore, it is more logical to define prey density as 
the number of prey per square centimetre of webbed leaf, rather than per 
leaf area, as Wollkind & Logan (1978) did. The size of the webbed area 
changes during population growth, as do the prey numbers. Therefore both 
the rate of population increase and the rate of increase of webbed leaf 
area should be measured to calculate the prey density in the computer simu-
lation model. In this chapter a complete picture is given of the life his-
tories, webbing activity and stage-specific rates of prédation, as affected 
by arthropod related factors (stage of development, age of the adult, etc.) 
and environmental factors (temperature, relative humidity and food supply). 
These measurements are part of the input to the population models presented 
and validated in Part 2, but they are also basic to the structure of these 
models. 
In the final part of this chapter the ability of the predator to survive 
periods of spider-mite scarcity and to recover from starvation are deter-
mined. This is important in assessing possible alternative foods for main-
taining a predator population in a greenhouse crop in absence of spider 
mites. 
2.1 TETRANYCHID PREY 
The life history traits of Tetranychus urticae on rose (Rosa canina 
'Sonia', grafted on Rosa indica 'Manetti') are discussed in Subsections 
2.1.1 - 2.1.3. Although much life history data are available from litera-
ture, new measurements were made because variation due to differences in 
mite strain (e.g. Lehr & Smith, 1957), host plant (e.g. Dabrowski & Marczak, 
1972) and even cultivar involved (e.g. Bengston, 1970; Tulisalo, 1971; de 
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Ponti, 1978) can be considerable. The strain of Tetranychus urticae used 
throughout this investigation originated from a culture maintained at the 
Research Station of Floriculture at Aalsmeer, where it was collected from 
greenhouse roses and reared for several generations on beans (Phaseolus 
vulgaris, 'Stamkievitsboon'). 
Jesiotr & Suski (1976, 1979) found a difference in reproductive poten-
tial between mites fed on beans and those fed on rose 'Baccara' . After 
transfer of the mite population from rose to bean or vice versa these dif-
ferences were observed over a period of more than one generation, which may 
suggest adaptation of the population to the new host plant through selec-
tion. Because it was more practical to cultivate the spider mites on beans 
than on roses, in addition to rose 'Sonia' the bean 'Noord-Hollandse Bruine' 
is also considered as a host plant. 
The food turnover of Tetranychus urticae is considered to enable compa-
rison of the conversion efficiencies of the plant-feeding spider mites and 
the mite-feeding predatory mites (Subsection 2.1.4). Furthermore, the role 
of the webbing is discussed, especially in relation to the phytoseiid pre-
dators (Subsection 2.1.5). The web production and the growth of the webbed 
area is quantified to enable the calculation of prey density (Subsection 
2.1.6). 
The following aspects of the bionomics of Tetranychidae will be discuss-
ed only briefly: 
Food quality of the host plant for the parenchym feeding spider mite 
The food quality of the host plant, as affected by plant nutrition, is con-
sidered to be constant under practical circumstances of cultivation. For 
example, the N,
 P a n d K levels of rose leaves are mostly within 10% of 
their mean levels (Arnold Bik, personal communication), which is a small 
variation relative to their effect on the reproduction of Tetranychus urti-
cae (Rodriguez, 1964). 
Fertilization status of prey and predator Females of tetranychid and phyto-
seiid species sampled in the field are rarely unfertilized. Potter (1976a, 
ia
'
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nuiiity effects of wind and rain. 
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To restrict the amount of work involved in this study, several aspects 
that influence the predator-prey system have been purposely neglected, des-
pite their importance for the effectiveness of control: 
Implications of chemical spraying The toxic effects of several compounds 
to both predator and prey are being studied by van de Vrie (Research Station 
of Floriculture, Aalsmeer) and van Zon (University of Amsterdam, Amsterdam). 
Diapause, as a means to survive the winterperiod The induction as well as 
the termination of the diapause of the two-spotted spider mite and the phy-
toseiid predator depend on photo-period, temperature and the availability 
of food. In addition to the literature reviewed by van de Vrie et al. (1972) 
and McMurtry et al. (1970), the following references represent current knowl-
edge on this topic: 
-Tetranuchus urticae: Geispits et al., 1971,-Hussey, 1972; French & Ludlam, 
1973; Helle & Overmeer, 1973; Fritzsche & Lehman, 1975; Veerman, 1977a,b. 
-Phytoseiidae: Sapozhnikova, 1964; Boczek et al., 1970; Hoy & Flaherty, 
1970; Wysoki & Swirski, 1971; Knisley & Swift, 1971; Rock et al., 1971; 
Croft, 1971; Hoy, 1975a,b; Simova, 1976; Hamamura et al., 1976b. 
2. 1, 1 Development and mortality 
The rate of development and juvenile mortality was measured in a serial 
thermal cabinet at constant temperatures of 13, 15, 20, 25, 30 and 35°C; 
the relative humidity ranged between 55% at 35°C and 85% at 15°C. The 
leaves of the host plant were placed upside down on a wet sponge floating 
in a plastic box filled with water. These leaves were covered with water-
soaked tissue paper that had been perforated at regular distances with a 
leaf puncher. In that way circular parts of leaves were obtained that were 
surrounded by wet tissue, which acted as a barrier for all stages of spider 
mites. The justification for the use of detached leaf cultures in life-table 
studies was given by Rodriguez (1953), de Ponti (1977b) and Dabrowski & 
Bielak (1978). 
The eggs, used to start the experiments, were deposited within a one-hour 
period. The subsequent progress in development and the juvenile mortality 
were observed at intervals of eight hours at all temperatures. The transfer 
to fresh leaves, which is necessary to eliminate effects of diminishing 
food quality was carried out at least every 3 days, but only if the mites 
were in a mobile stage. 
To study the effect of alternating temperatures on development, some of 
the experimental boxes were transferred at daily intervals from 10°C to 20°C 
and vice versa in one series, and in another series from 25 to 35°C. The 
developmental time from the deposition of the egg until first reproduction 
('egg-to-egg' development) is plotted in Fig. 4. The rate of development 
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Table 1. The effect of alternating temperatures on 'egg-to-egg1 developmen-
tal time (hours) of females of Tetranychus urticae. 
Interpolation3 Simulation Observation n Temperature 
alternation 
193.7 
663.8 
15.0 
55.5 
196.2 
671.9 
14.4 
51.0 
198.1 
677.8 
12.4 
48.1 
28 
24 
25-35°C 
10-20°C 
a. Developmental time (= DR) estimated by linear interpolation from the 
measurements obtained at constant temperatures e.g. [(DR1Q + DR2_)/2]~ . 
b. Simulated by the population model presented in Part 2 of this Agricultural 
Research Report (to be published) using measurements obtained at constant 
temperatures. 
In Table 2 the developmental times are given per stage and sex. The rel-
ative length of the different stages as a part of the total egg-to-egg de-
velopmental period is rather constant, irrespective of the temperature: egg 
39%, larva 9.5%, protochrysalis 8%, protonymph 7%, deutochrysalis 8%, deu-
tonymph 8.5%, teleiochrysalis 11% and pre-oviposition female 9%. 
Although the rate of development is strongly affected by temperature, 
mortality remains constant at a low level (about 10% from egg to adult) in 
the range 15-30°C (Table 3). Outside this temperature range mortality in-
creases, as was also found by Mori (1961), Stenseth (1965) and Nickel 
(1960). Assuming that at each moment during the developmental period a con-
stant proportion of the mites die from a non-predator cause, the relative 
rate of mortality can be computed as follows: 
-ln(N1./N ) 
R R M = 1—2_ = -ln(M)-DR 
t 
RRM = the relative rate of mortality (day- ) 
Nfc = the number of mites at time t 
t = the developmental period (day) 
DR = rate of development (day" ) 
M = mortality 
The stage-specific mortalities are incorporated in the population models 
presented in Part 2 by using these relative rates. 
Several studies have shown that both low and extremely high humidity 
causes an increase in juvenile mortality and retards development (Boudreaux, 
1958; Ferro & Chapman, 1979; Harrison & Smith, 1961; Hazan et al., 1973; 
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Table 2. Female and male developmental time (hours) of Tetranychus urticae. 
Temperature 
(°C) 
Females 
13 
15 
20 
25 
30 
35 
Males 
13 
15 
20 
25 
30 
35 
Stage of development 
E 
M 
648 
342 
160 
103 
68 
56 
640 
341 
161 
104 
71 
59 
o 
24 
18 
4 
2 
5 
3 
21 
14 
1 
2 
4 
2 
L 
M 
90 
36 
24 
17 
15 
106 
34 
19 
14 
11 
0 
14 
6 
9 
5 
2 
31 
3 
4 
5 
4 
PC 
M 
70 
31 
21 
14 
11 
69 
33 
24 
13 
12 
o 
9 
4 
4 
5 
4 
7 
5 
5 
5 
4 
PN 
M 
61 
27 
17 
13 
11 
52 
24 
14 
12 
10 
a 
10 
6 
6 
5 
4 
10 
5 
4 
4 
4 
DC 
M 
65 
29 
21 
15 
11 
68 
30 
21 
13 
13 
a 
9 
5 
5 
8 
4 
11 
5 
6 
4 
6 
DN 
M 
73 
34 
23 
14 
19 
50 
26 
16 
11 
12 
a 
13 
5 
4 
6 
7 
7 
6 
5 
4 
6 
TC 
M 
85 
40 
31 
20 
17 
80 
38 
27 
17 
16 
a 
9 
5 
6 
6 
4 
6 
4 
4 
3 
7 
PF 
M 
84 
41 
21 
15 
14 
_ 
_ 
_ 
_ 
-
a 
21 
8 
5 
4 
5 
_ 
_ 
_ 
_ 
-
Total 
M 
870 
398 
261 
176 
154 
766 
346 
225 
151 
133 
a 
38 
21 
14 
13 
16 
45 
12 
7 
11 
9 
n 
11 
15 
22 
31 
24 
18 
12 
11 
14 
7 
11 
9 
E = egg 
L = larva 
PC = protochrysalis TC 
PN = protonymph PF 
DC = deutochrysalis 
DN = deutonymph 
teleiochrysalis 
preovipositional female 
n = number of replicates 
Table 3. 
Mortality (%)
 i n the developmental stages of Tetranychus urticae. 
Temperature Stage of development 
(°C) 
10 
15 
20 
25 
30 
35 
15.6 
6.1 
6.3 
4.3 
6.6 
10.1 
12.5 
1.4 
1.1 
1.9 
1.4 
4.1 
PC 
1.0 
0.0 
0.0 
1-2 
0.0 
PN 
1.0 
1.3 
0.0 
0.0 
2.9 
DC 
0.0 
0.0 
0.0 
1.0 
1.0 
Abbreviations are explained 
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in Table 2. 
DN 
2.2 
0.0 
1.0 
0.0 
2.1 
TC PF 
Total 
38.4 
11.3 
9.6 
9.3 
10.8 
24.4 
190 
154 
181 
144 
100 
144 
McEnroe, 1963; Nickel, 1960). However the range of humidities for which de-
velopment is not affected differs from study to study. Hazan found optimal 
conditions for Tetranychus cinnabarinus at a relative humidity of 38%, but 
Harrison & Smith found little differences in egg development of Tetranychus 
urticae in the range 50-90%, and showed that the egg mortality at 100% rel-
ative humidity occurred only after 6 days of exposure. Because such high 
humidities occur for only short periods under greenhouse conditions (van 
Rijssel, Research Station of Floriculture, Aalsmeer; personal communication) 
this effect is ruled out as a factor of importance. Moreover, an experiment 
carried out for a more realistic range of humidities (50%, 75% and 85% at 
23°C) did not reveal any difference in development or mortality (Table 4). 
A possible explanation for the absence of any reaction is that these expe-
riments were carried out on webbed leaves that were connected to a part of 
their shoot, for, as postulated by Hazan et al. (1975b), both webbing and 
defaecation by the spider mite and, probably most important of all, évapo-
transpiration by the leaf may act as a buffer to changes in humidity. For 
this reason humidity is not important under the greenhouse conditions (rel-
ative humidity 45-90%) in The Netherlands. 
To study the effects of transferring spider mites from bean to rose, si-
multaneous experiments on both host plants were carried out. The results 
are given in Fig. 4. A t-test for comparison of means and F-test for compa-
rison of variances did not reveal significant differences at the 5% level 
between development on bean and rose. To check if this conclusion also 
holds after generations of feeding on the same host plant, another compar-
ison was made after a six-month culturing period. The results (Table 9) 
show that in contrast to the results of Jesiotr & Suski (1976) with bean 
and rose 'Baccara', the present cultivars of bean and rose 'Sonia' are 
interchangeable host plants with respect to developmental time. 
But for one exception (Marie, 1951), data from literature about develop-
mental time on several bean cultivars are in close agreement (Gasser, 1951; 
Hussey et al., 1957; Bravenboer, 1959; Fritzsche, 1959; Nickel, 1960; Suski 
Table 4. The effect of relative humidity (T = 23°C) on female 'egg-to-egg' 
developmental time of Tetranychus urticae. 
Humidity (%) Developmental time (hours) 
45-50 286 17 44 
70-75 289 19 52 
85-90 292 21 48 
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& Badowska, 1975; Shih et al., 1976; Saito, 1979b; Feldmann, 1981). Compar-
able data about developmental time on greenhouse roses are not available. 
As for developmental time, juvenile mortality may differ with the plant 
species or cultivar (Dabrowski & Marczak, 1972). Tulisalo (1969) found 
differences in juvenile mortality between cultures grown on different cul-
tivars of cucumber, although the rate of development did not differ signif-
icantly. However, in the study described in this report juvenile mortality 
was very low on both host plants (bean and rose), which corresponds with 
the results given in the above-mentioned literature, except for Shih et al., 
who reported a rather high mortality (30%). 
Of the vast number of studies on nutrition in Acarina, only that of Suski 
& Badowska (1975) concerned the influence of NPK supply on the rate of devel-
opment and the juvenile mortality. The relations they established are com-
plex. It is sufficient to mention here that the nutritional ranges used in 
the experiments caused changes in the rate of development and juvenile mor-
tality that were within 15% of mean values. However the nutritional range 
was probably larger than that found in practical agriculture. The nutrient 
composition of the leaf may also be affected by its ageing; no experimental 
evidence of an effect on the rate of development was found, however 
(Table 10). 
During mite-colony growth the eggs and juveniles are left stranded in 
already exploited leaf areas. The young mites are not as active as the 
mature mites, which may cause mortality additional to that measured in the 
previous experiments, where the mites were cultivated individually on fresh 
leaves. Wrensch & Young (1978) measured a marked reduction in rate of devel-
opment and survival at high spider-mite densities. However, as they confined 
the mites to a leaf disc, the importance of intraspecific competition for 
food still has to be demonstrated. Spider mites are able to control their 
density (number of mites per square centimetre webbed leaf area) partly by 
increasing the webbed area and partly by dispersal. To decide whether these 
factors need to be studied in more detail, a greenhouse experiment on popu-
lation growth was carried out and the numerical results were compared with 
simulations of the same experiment, which neglect effects of intraspecific 
competition. This experiment will be discussed in Part 2 
2.1.2 Reproduction and life 
span 
a
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NUMBER OF 
EGGS (DAY"1 
35°C 
AGE CLASSES 
Fig. 5. Rate of reproduction of Tetranychus urticae in relation to female 
age class and temperature. The histogram visualizes the descriptive power 
of the intra-age class regressions. Length of each age class at different 
temperatures: 3.5 day at 15°C; 2.5 day at 20°C; 2.0 day at 25°C; 1.25 day 
at 30°C; 1.0 day at 35°C. 
sue (5-10%). Because both reproduction and mortality appeared to depend on 
age, the data were classified in age periods forming equal parts of the 
maximum life span. This maximum longevity of the female was estimated via a 
least-squares estimate of the 97-99% point of the cumulative frequency dis-
tribution of life spans, plotted on probability paper of the Gaussian dis-
tribution. From this linear relation the mortality per age class was esti-
mated. This mortality together with the duration of the classified age pe-
riods was used to calculate the relative rate of mortality. This classifi-
cation approach requires some degree of intra-class constancy of the rela-
tive rate variables involved. For this reason the maximum life span was 
divided in 18 age classes, preceded by a pre-oviposition period. The dura-
tion of the age periods and the age-dependent rate of reproduction in rela-
tion to temperature are given in Fig. 5. It appeared that the intra-class 
rate of reproduction in the initial 10 age classes depends on temperature 
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Fig. 6. Slope of the oviposition rate (eggs-day" -°c" ) in relation to 
the age class. Slope = oviposition rate/(temperature - 10°C). 
Table 5. Potential and net fecundity of Tetranychus urticae in relation to 
temperature. 
Temperature (°c) Fecundity 
10 
15 
20 
25 
30 
35 
10-20 
25-35 
31.2 
98.0 
146.2 
160.8 
135.3 
135.4 
101.1 
148.3 
potentiala netb 
28.6 
84.2 
129.9 
129.7 
119.5 
120.6 
87.5 
123.9 
9.8 
36.6 
53.3 
48.9 
33.7 
38.6 
28.8 
40.8 
48 
43 
42 
45 
38 
39 
41 
38 
range 
6- 44 
35-170 
43-272 
41-237 
40-185 
40-177 
35-157 
43-205 
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in a linear fashion over the whole temperature range from 15°C to 35°C. 
This enabled a more concise description via the slopes of the linear regres-
sion lines, which cross the x axis close to 10°C. These tangents of the 
angle of inclination are plotted in Fig. 6 and their descriptive power is 
visualized by the histograms in the original graph of the age-specific 
rates of oviposition (Fig. 5). 
In Table 5 the mean egg production per female is given as a net (= fe-
male mortality included) and a potential (= female mortality excluded) 
fecundity, which shows that mortality causes only a 10-20% decrease of the 
fecundity relative to the potential. Fecundity appears to be unaffected by 
temperature over a rather large range (20-35°C). However below 20°C it de-
creases, being 70% at 15°C and 20% at 11°C. 
The mean and maximum life-spans depend on temperature in a much more 
gradual way, as can be seen in Table 6 and Fig. 5. Because the post-oviposi-
tion period is absent or very short, the adult life-span is only subdivided 
in a pre-oviposition period and a post-oviposition period. 
As with reproduction, survival may depend on temperature and ageing, i.e. 
the age relative to the maximum life-span. Therefore the relative rate of 
mortality was determined for each age class and at all experimental temper-
atures. From simulations of population growth (Part 2), it appears that the 
numerical effects of the temperature dependency could be neglected as well 
(12-35°C). For this reason the relative rates were smoothed out by repeated 
simulation of the above survival and reproduction experiment until an accept-
able overall fit was found. These fitted values are given in Table 7. They 
demonstrate that the relative rate of mortality depends on the age relative 
to the maximum life-span. 
Table 6. The length of the preoviposition and oviposition period (days) of 
Tetranychus urticae. 
Temperature 
(°C) 
Preoviposition period Oviposition period 
range 
10 
15 
20 
25 
30 
35 
10-20 
25-35 
25.00 
3.49 
1.70 
0.89 
0.61 
0.60 
3.05 
0.55 
-
0.87 
0.32 
0.20 
0.16 
0.20 
0.91 
0.11 
20 
15 
22 
31 
24 
18 
22 
28 
100 
39.3 
26.5 
21.8 
11.6 
10.6 
40.6 
13.4 
-
14.5 
8.1 
8.8 
3.2 
2.6 
10.0 
5.1 
48 
43 
42 
45 
38 
39 
41 
38 
28-
12-67 
13-44 
8-48 
8-20 
6-16 
16-59 
6-31 
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Table 7. The smoothed estimates of the relative mortality rate (day" ) of 
Tetranychus urticae in relation to the age class of the adult female. 
Female age class 
1-5 6 7 8 9 10 11 12 13 14 15 16 17 18 
0.0 0.002 0.02 0.05 0.05 0.07 0.10 0.10 0.10 0.10 0.15 0.15 0.30 0.50 
Table 8. The effect of humidity (T = 23°C) on ne t fecundity and oviposi-
t ion period of Tetranychus urticae. 
Relative humidity (%) Net fecundity Oviposit ion per iod (days) n 
45-
70-
85-
-50 
-75 
-90 
130. 
129, 
122, 
. 1 
. 8 
. 4 
4 4 . 
4 5 , 
3 8 , 
.0 
. 1 
.2 
2 3 , 
2 3 , 
22 
. 1 
.6 
. 4 
9, 
7, 
7, 
. 2 
. 9 
. 1 
26 
34 
30 
The effect of humidity on the rate of reproduction was analysed by 
Boudreaux (1958), Nickel (I960) and Hazan et al. (1973). The oviposition 
rate is maximal for relative humidities below 90%, the maximum depending on 
temperature and the species involved; Hazan et al. (1973) found optimal 
values at relative humidities of 22-38%. Above 90% relative humidity the 
oviposition is lowest. As argued in the previous subsection the humidity 
near to a webbed leaf will probably differ from the environmental relative 
humidity at the same temperature due to évapotranspiration of the leaf and 
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urticae within the humidity range of practical interest. 
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24 
Table 9. The effect of the culturing period on some life-history traits of 
Tetranychus urticae (T = 25°C). 
Phase of 
culturing 
Female 'egg-to-egg1 Net fecundity 
developmental time 
(hours) 
n M 
Oviposition period 
(days) 
n M 
directly after 31 261 14 
transfer to rose 
after a 6-month 42 266 16 
period of culturing 
on rose ('Sonia') 
continuously cultured 15 270 21 
on bean ('Noord-
Hollandse Bruine') 
45 129.7 48.9 45 21.8 8.8 
40 132.1 47.3 40 21.5 8.1 
41 133.4 50.8 41 22.2 9.2 
cultivars of bean and rose are interchangeable host plants with respect to 
the life-traits studied. 
Comparison of these results on rose with data from the literature on 
bean shows similar fecundity levels (Bravenboer, 1959; Lehr & Smith, 1957 
(Massachusets strain); van de Bund & Helle, 1960; Watson, 1964 (old leaves); 
Suski & Badowska, 1975; Shih et al., 1976; Saito, 1979b; Feldmann, 1981) 
with only a few lower values (Gasser, 1951 - 68 eggs; Lehr & Smith, 1957 
(Canterbury strain) - 107 eggs; Fritzsche, 1959 - 57-80 eggs) and higher 
values (Watson, 1964) (young leaves). At other host plants fecundity levels 
similar to the present results may be obtained, but mostly lower levels are 
reported. 
In several cases the chemical composition of the plant has been shown to 
correlate with mite fecundity. According to Jesiotr & Suski (1974) fecundity 
of the two-spotted spider mite is lower on rose 'Baccara' than on a number 
of other rose cultivars. However Dabrowski & Bielak (1978), who studied nu-
tritional correlations with mite reproduction in 4 cultivars of both orna-
mental roses, were not able to explain this result; they only found some 
correlation with the content of glutamic acid. Furthermore, they found a 
positive correlation with the total nitrogen content and total free endoge-
neous amino acids. According to the review by Suski & Badowska (1975) the 
effect of nitrogen is often positive, but the results with potassium and 
phosphorus are far from conclusive. Suski et al. (1975) state that the ex-
treme conditions produced in the nutritional solutions in the laboratory 
are rarely met in practice today and therefore the effects on mite repro-
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auction reported can be ignored. Moreover, the role of adaptation of a mite 
population to modified nutritional conditions, as indicated by the results 
of Jesiotr & Suski (1974), is virtually overlooked in the laboratory expe-
riments, where generally instantaneous, instead of delayed responses (> 1 
generations) to nutritional changes are measured. Because in practical rose 
culture today more or less constant NPK levels are maintained, and because 
the genetic make-up of the greenhouse populations seems to be rather stable, 
which indicates minor exchange with outdoor mite populations (Overmeer et 
al., 1975), it may not be far from reality to consider the nutritional con-
ditions as a constant or an implicit 'noise' factor. This assumption is 
supported by the fact that in practice NPK levels of 'Sonia' rose leaves 
(3.10% N, 0.28% K, 2.20% P) are largely within 10% of their mean values, so 
that in most cases fecundity varies within 11% of its mean level (Rodriguez, 
1964). Rabbinge (1976) came to the very same conclusion for the fruit-tree 
red spider mite, which infests Dutch apple orchards. 
Besides fertilizer doses, the nutrient composition may also be influenced 
by the age of the leaf or by seasonal changes (e.g. Storms, 1969; Dabrowski, 
1976). However the age of 'Sonia' leaves is probably not of importance: 
female spider mites placed on green leaves at the top, middle or lower part 
of a rose bush produced a similar amount of eggs (Table 10). Besides, yel-
lowing leaves are dropped rather soon and these senescent leaves are simply 
left or avoided by the spider mites. Seasonal changes in food quality were 
not studied. 
Food quantity is affected by feeding of the spider mites. The available 
leaf parenchym decreases during population growth until the host plant is 
exhausted. The overall damage may exceed the direct damage done to the host 
TrltZnu T inflUenCe °f 1 S a f age ° n S ° m e ^ " h i s t o r y traits (T = 25'C, oi Tetranychus urticae. 
Leaf number,
 n pom=i 
counted from the Z t l o . • " * *""""** 0 v i P ° s i t i - P e r i o d 
top of a flowering developmental ^ 
rose shoot (hours) 
2- 4th leaf 
12-14th leaf 
20-24th leaf 
30 
25 
21 
M 
258 
269 
262 
c 
14 
19 
13 
M 
131.1 
126.8 
124.6 
ô 
46.4 
40.9 
55.1 
M 
22.1 
21.8 
20.9 
CT 
8.9 
9.1 
9.8 
26 
plant by the piercing of the leaf cells. Possibly the quality of available 
food dropped by indirect causes. Anyway, mite feeding activity does affect 
the food, as shown by a number of researchers (Davis, 1952; Bravenboer, 
1959; Tulisalo, 1970; Rasmy, 1972; Wrensch & Young, 1975). To decide whether 
these factors need to be studied in more detail, a population experiment in 
the greenhouse was compared with population simulation, excluding density 
dependent factors (Part 2). In this way, if the simulations fit under cir-
cumstances of free growth (unlimited food supply), the critical level of 
plant exploitation may be found above which intraspecific competition acts 
upon the population growth of Tetranychus urticae. 
2.1.3 Sex ratio 
The two-spotted spider mite Tetranychus urticae is an arrhenotokous par-
thenogenetic species: unmated females produce only haploid eggs, which de-
velop into males, whereas mated females produce both haploid and diploid 
eggs, which develop into males and females, respectively. Mating takes 
place immediately after the las moult of the female. Supply of sperm is 
organized very efficiently due to: 
the guarding and defending behaviour of the males (Potter et al., 1976a, 
1978) 
the role of pheromones, tactile stimuli and web (Cone et al., 1971ab, 
1972; Penman & Cone, 1972, 1974; Regev & Cone, 1975, 1976) 
a shorter developmental time of the males relative to the females (Sub-
section 2.1.1) 
a lower tendency of the males to disperse relative to that of the preovi-
position females (Part 2) 
the presence of an overdose of males relative to the number of teleio-
chrysalids near the ecdysis (Potter, 1978; Functional sex ratio). 
The insemination at the first mating appears to be the effective one (Helle, 
1967; Overmeer, 1972; Wrensch & Young, 1978). 
According to Boudreaux (1963) the proportion of females in the offspring 
of a single female is rather variable, so that there is no fixed sex ratio. 
He states, that the sex ratio in the offspring of each female depends on 
the amount of sperm received during mating. Though Overmeer (1972) demon-
strated the possibility of such a relation by artificial coitus interrup-
tions, it is still not clear if these interruptions occur under natural 
conditions. Moreover, Potter & Wrensch (1978) summarize some mechanisms 
that may lead to resistance of the males to disturbance by other males. 
Although the sex ratio in the offspring of a single female is subject to 
variation, this need not to be true for the sex ratio in the offspring of a 
population of spider mites. Overmeer (1967) and Overmeer & Harrison (1969) 
found that the ratio of the total number of fertilized eggs against those 
that escape fertilization is rather fixed over a large number of subsequent 
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generations. They suggest that sex ratio is an inherited property of a pop-
ulation, i.e. strain specific. Mitchell (1972) attempted to verify this 
genetic hypotheses. He found similar indications and suggested that the 
variability of the sex ratio would appear to be a genetic polymorphism. 
Both Mitchell and Overmeer & Harrison found in their experiments a maternal 
effect on the inheritance of the sex ratio. Although the selective forces 
that cause fixation of the sex ratio of a mite population have never been 
demonstrated, there are some indications of strain-specific sex ratios 
(Lehr & Smith, 1957; Overmeer & Harrison, 1967; Mitchell, 1973; Feldmann, 
1979) and it will be considered as such in this study. Nevertheless all 
data have one aspect in common: the preponderance of females among the off-
spring. This can be seen in the studies just mentioned and also in those of 
Gasser (1951), Davis (1961), Iglinsky (1951), Laing (1969), Overmeer (1967, 
1972), Hazan et al. (1973). 
The proportion of female progeny was therefore measured again in the 
present strain of Tetranychus urticae. The eggs, produced in the reproduc-
tion experiments at 25°C, were allowed to develop until maturity, when the 
sex of the individuals can be registrated conveniently. To study a possible 
relation between the sex ratio and the age of the parental female the eggs 
were grouped according to the age class of their mother (time periods of 2 
days). Because the number of eggs produced during the final 8 age classes 
were low, due to a low rate of reproduction and survival of the parents, an 
extra number of females was grown simultaneously with the reproduction expe-
riments to increase the number of 'old female' eggs for sex ratio assessment. 
From the results (Table 11) it appears that the sex ratio increased from 
0.55 in Class 1 to 0.75 in Class 2 and starting from Class 6 gradually de-
creased to 0.51 again. This change in the sex ratio with age can be attrib-
vill : n t r i n S l C a l l y g a t i n g actors, because the mortality during de-
l P s T ' T V " 8 t h a n 10%- " W a S g e n e r a l l y f o u n d « « * the first egg 
deposited tends to be unfertilized more frequently (e.g. Overmeer, 1972). 
T^jzrziT.Ti ;":ring of Tetranuchus Mcae against the age 
Age class number Proportion females Number of eggs 
in progeny 
1 
2- 3 
4- 6 
7- 9 
10-14 
15-18 
0.55 
0.74 
0.75 
0.70 
0.63 
0.51 
197 
320 
228 
479 
302 
178 
Number of 
parental females 
125 
118 
112 
96 
72 
65 
28 
The subsequent increase of the sex ratio was also found by Nickel (1960), 
Hazan et al. (1973) and Potter & Wrensch (1978). Feldmann (1981) reported a 
response of the sex ratio to the age of the female, that was qualitatively 
similar to that found in the present work. 
Because sex is determined by the fertilization process, control of the 
sex ratio as found in hymenopterous parasitic wasps may be expected. Be-
cause females are larger than males (6:1; Table 12), and because females 
require much food for egg production, sex determination has an important 
bearing on the rate of plant exploitation. At some specified degree of in-
festation it may be more efficient to produce less diploiid eggs (= females) 
in view of their chances to reach maturity. In this respect the results of 
Wrensch & Young (1978) should be noted. They found an effect of depletion 
of the food resource on the sex ratio that could be ascribed to an intrin-
sically operating mechanism in the female parent. The relative importance 
of this aspect for the population growth of the spider mites is determined 
by comparison of simulated and experimentally determined population growth 
(Part 2). 
2.1.4 Weight loss, water balance and growth budget 
Because the weight increase during development and the rate of food con-
version into egg biomass play a central role in the quantitative analysis 
of the predator-prey relation, it is worthwhile to point out the differences 
in this respect between the parenchym-sucking Tetranychidae and the mite-
sucking Phytoseiidae. The weight was measured at different stages of devel-
Table 12. Weight increase of Tetranuchus urticae during development. 
Stage of development Live weight (ug) 
â/Vn 
egg 
larva 
protochrysalis 
protonymph 
deutochrysalis 
deutonymph 9 
deutonymph <* 
teleiochrysalis 
teleiochrysalis 
adult female in 
adult male 
9 
a 
oviposition phase 
1.2 
1.6 
1.5 
3.7 
3.5 
10.9 
3.4 
11.0 
3.5 
24.1 
3.9 
-
-
-
0.2 
0.2 
0.5 
0.2 
0.4 
0.2 
0.8 
0.1 
20 (group) 
20 (group) 
20 (group) 
25 
10 
18 
20 
20 
20 
40 
28 
29 
opment with a Cahn electrobalance. The results (Table 12) are in close agree-
ment with those of Mitchell (1973) and Thurling (1980), both obtained for 
Tetranychus cinnabarinus. The twenty-fold increase in weight, from egg to 
ovipositing female, takes place primarily in the deutonymph stage (30%) and 
the preoviposition stage (55%). This relative distribution of the weight 
over the developmental stages appears to be very similar to that of Phyto-
seiidae (Subsection 2.2.1, Table 18). Spider mites disperse to other leaves 
in the beginning of the preoviposition phase after fertilization. In this 
way colonizing females disperse before they have attained half their mature 
weight. By delaying half or more of their growth and their full reproduction 
effort until after dispersal to new food resources these mites reduce de-
mands on their original location, where juveniles, males and parental fe-
males remain having a much lower tendency to disperse (Part 2). 
The feeding physiology of spider mites is characterized by the large 
guantities of plant fluid passing the digestive system. McEnroe (1961, 
1963), studying the actively feeding female by a radioactive tracer tech-
nique, estimated an ingestion rate equal to 6 x io-3
 Ml per 30 minutes and 
a simultaneous defecation rate of 5 x io"3
 Mi p e r 30 minutes. This implies 
that an amount of fluid equivalent to 20-25% of the female weight is passing 
the gut at 30 minute intervals. Liesering (i960) counted the number of pa-
renchym cells punctured and emptied. His estimation of the ingestion rate 
amounts to 100 parenchym cells per 5 minutes, which, assuming the cell is 
spherical with radius 0.01 mm, implies an ingestion rat of 5 „1 per hour. 
Elimination of the large quantities of water ingested in this way is accom-
plished via a bypass system that shunts excess fluids from the oesophagus 
with C ti Yr t 0 thS hindgUt- ^ thlS WSy ^ ^ i c u l a r digestion may proceed 
without the added burden of processing and transporting excess liquid 
(McEnroe, 1963). Large volumes of water can be passed rapidly through the 
s r'tÏr T T and eXCreted W i t h ° U t reqUirin* «ergy *>r -elective ab-
H o w mo? S P ° r t t 0 t h S t r a C h e a l S y S t 6 m f o r excretion. Also substances 
gut from r T g h t (methYlene blUe SOlUti0n) *aSS Btraight to the hind-
re ted to the0eS°f r S - " ^ & C ° 1 1 < > i d a l ^ ^ ° f Congo red is di-
Tat chl m 9 < A k i m O V & B a r b a n O V a< 1 9 7 8>- Bekker (1956) supposed 
: " : : ; ; : ir^rritgrains - ~ - - * *•£-
showed that these freTlT " " ***** ^ ^ W i e S m a n n ( 1 9 6 8 ) 
especially chlorophy V ^ ^ ^ ^ d ^ s , particles and 
legations o ^ , ^ ^ ^ * « * * -to balls of excrement, 
about the common name »two-spotted
 s ni7 U~ s h aP e d * * lumen have brought 
the body wall. Upon excretion ^ mite"' * " t 0 t h e tranaparancy of 
large amount of
 p l a n t " 1 , " " " ^ " " ^ P e U e t S " C O n t a i n * 
Nasser,
 1951, McEnroe i T ^ s ^ " ""* ^ ^ ^ ^ ^ > 
another type of faeces n»„'K 1^Sering' 1 9 6 0>- Apart from these solid faeces 
• i - t» the black pellets an6, P ^ e r ™ » * « " * * * * * * equal in 
spider mite eggs, but evaporate so quickly 
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that only a very small solid fraction containing nitrogeneous waste products 
(McEnroe, 1961), remains: the "white pellets". Another means of eliminating 
large quantities of water is that via tracheal evaporation. By sealing the 
tracheal openings and by cyanide treatments, McEnroe (1961) showed that an 
important part of weight loss can be attributed to tracheal transpiration. 
Blauvelt (1945) showed the structural basis for the control of tracheal 
transpiration via the peritremes, which are located dorsally just behind 
the gnathosoma in this prostigmatid mite. The role of cuticular evaporation 
is very limited (McEnroe, 1961), probably because of a lipid layer in the 
cuticle (Gibbs & Morrison, 1959). 
As expected of a plant-feeding arthropod, the conversion of ingested 
plant liquid into egg biomass is accomplished with low efficiency. A crude 
estimate of the conversion efficiency has been obtained from the following: 
- The size of a fresh faecal pellet approximates that of an egg, so that 
their respective weights will not differ very much (approximately 1 |jg) (own 
observation). 
The rate of oviposition is equal to 75% of the rate of defecation (rela-
tive humidity = 60-80%) (Hazan et al., 1973, 1975). 
The weight loss during the first hour of food deprivation is equal to 
1.2 pg at I = 30°C and a relative humidity = 15-20% (McEnroe, 1961). This 
may be considered as an estimate of the tracheal transpiration rate. 
- Oviposition and defecation at T = 30°C (and relative humidity = 15-20%) 
takes place at 2 and 1.5 hour intervals, respectively (Hazan et al., 1973, 
1975), so that the weight loss via tracheal transpiration equals that via 
oviposition plus defecation. 
The weight loss via oviposition therefore contributes to 3/7 x 1/2 = ca. 
20% of the total weight loss. In the steady state (fluid intake = total 
weight loss), the conversion efficiency of ingested fluid to egg mass is 
equal to approximately 20%, which contrasts with that of the phytoseiid fe-
males (Section 3.1). Because mature females of this family lose most of 
their weight via egg production, Phytoseiidae can convert the ingested con-
tent of the spider mite to egg biomass with an efficiency of about 70%. 
This difference may be explained by a relatively higher degree of water 
conservation in the Phytoseiidae, as indicated by the presence of Malphighian 
tubules and a colon (Akimov & Starovir, 1975), and by a low proportion of 
indigestable constituents. In spider mites the physiological effort is not 
directed to recycling of water, but rather to eliminating it, as indicated 
by the presence of the combined hindgut and excretory organ (Blauvelt, 1945). 
Moreover, large amount of solid food residue are eliminated, as indicated 
by the "black pellets". 
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2.1.5 Role of webbing 
Tetranychid species differ with respect to their mode of web formation. 
Panonychus spp. use the silken strands predominantly in dispersal (Fleschner 
et al., 1956 ). They spin threads by which they lower themselves from a leaf 
until they are picked up by air currents. Saito (1979) found that the fe-
males of Panonychus citri spin while walking, but appear to avoid their own 
threads, which merely serve as 'lifelines'. Apart from its similar use in 
dispersal, Tetranychus spp. use the silken strands as material for building 
structures of webbing, within which all stages find a place to live. The 
adult stages of these species walk upon, in or under the webs, while for 
example Oligonychus ununguis mostly lives under a webbing cover (Saito, 
1979). The structure of these so called colonies differs among the members 
of the Tetranychus species. Colonies of Tetranychus atlanticus are more 
compact and have a greater profusion of webbing than those of most other 
species (Leigh, 1963). Tetranychus desertorum produces colonies similar to 
the latter species (Nickel, 1960), but Tetranychus pacificus produces only 
a loose or dispersed type of colony, with relatively little webbing. Tetra-
nychus urticae produces colonies with an intermediate amount of webbing 
(Leigh, 1963). On the other hand the form and density of the web depends on 
the host plant involved (hairs, ribs, smoothness) (van de Vrie et al., 1972). 
Several functions have been ascribed to the webbing (Gerson, 1979). The 
silk serves as ballooning threads in aerial dispersal, as a lifeline in dis-
persal by walking and as a carrier of sex pheromones. The webbing may indi-
cate the state of depletion of food resources and it may be a prerequisite 
for the conditioning of social interactions. The webbing is used in intra-
specific mating competition between males and in interspecific competition 
against other non-spinning phytophagous mites.
 T h e webbing cover may also 
Z U S l n f f e n C e °n the ^oclimate, for instance via the hygroscopic 
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ed b Y the Webbln
^ ««1 ^lyseius chilenensis immedi-
ately crawled between the strands of webbing. A negative influence of web-
bing on prédation by Phytoseiidae has been reported for the adult females 
of Amblyseius longispinosus (Mori, 1969), A. largoensis (Sandness & McMurtry, 
1970, 1972), Typhlodromus caudiglans (Putman, 1962), T. pyri (McMurtry et 
al., 1970) and for the larvae of T. tiliae (Dosse, 1956); the adults of the 
latter species seemed not to be affected. However other Phytoseiidae seem 
to be attracted to the webbing and undisturbed by the silk. These include 
Amblyseius fallacis, Phytoseiulus persimilis and Metaseiulus occidentalis 
(Putman & Herne, 1966; Huffaker et al., 1969; McMurtry et al., 1970). 
Schmidt (1976) measured an increased rate of prédation by Phytoseiulus per-
similis due to the webbing. She found, that webs arrested the predator more 
than prey eggs or exuviae, and suggested, that this arrestment was based on 
tactile stimuli. These observations correspond with those of Takafuji & 
Chant (1976), who observed that Phytoseiulus persimilis, as opposed to 
Iphiseius degenerans, consistently distributed itself over the silk-covered 
leaves, and the adult females invariably deposited their eggs in the webbing. 
Fransz (1974, p. 99-100) concluded that webbing hinders Metaseiulus occiden-
talis sufficiently to affect the prédation rate. He observed several behav-
ioural changes of Metaseiulus occidentalis in response to webbing produced 
by the males of Tetranychus urticae (decrease of walking activity, walking 
velocity, coincidence of prey and predator and handling time with respect 
to the prey males). He stated that if this species is common in spider mite 
colonies, it is more due to the effect of trapping and a high reproduction 
rate in the presence of much food than by attraction. These findings stimu-
lated the investigations discussed in this report on the role of webbing in 
the predator-prey interaction (Chapter 3). 
2. 1. 6 Web production and colony growth 
Tetranychus spp. produce silk strands (0.03-0.06 |jm diameter) by way of 
a glandular system, which opens in a hollow hair at the top of the pedi-
palps (Mills, 1973; Alberti & Storch, 1974). The strands are stretched be-
tween the curved leaf edge, the leaf ribs and the leaf surface. When powder-
ed with talc, the webbing becomes visible. It appears to be chaotically 
structured except that it tends to form a compact, coherent cover with a 
more-or-less obvious border. To quantify web production a fixed amount of 
fluorescent powder was dispersed over the webbed area, as proposed by 
Fransz (1974, p. 24). Some of the fluorescent particles stick to the silk 
strands, but the majority fall onto the leaf surface. The number of fluo-
rescent particles stuck to the silk strands can be counted using a binocular 
microscope and a UV-lamp for illumination. These counts may serve as a rel-
ative measure of the amount of webbing, because they indicate the length of 
the silk strands. The webbing density is quantified by the number of inter-
cepted particles per square centimetre of leaf area. To standardize the 
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variations in the experimental procedure and to enable correction for these 
variations if necessary. 
These standard treatments were all within 15% of their overall mean, so 
that the experimental procedure was considered to be reliable. 
Hazan et al. (1974) quantified the web production of Tetranychus cinna-
barinus in a comparable way. They used the fraction of the total faecal-
pellet production anchored to the silk threads as a measure for web produc-
tion. Saito (1977a) developed a different approach to the problem. He con-
structed a grid of 1 mm mesh from thin (50 um) nylon threads and placed it 
on the leaves. The mites produced webbing over the leaf-grid system. The 
mites were subsequently removed and the grid was lifted with the web threads 
attached. The amount of webbing was measured using dark-field microscopy. 
To date no comparison of these two methods has been reported in the liter-
ature . 
The experiments on web production were carried out at three constant 
temperature levels (T = 15, 23, 29°C); the relative humidity was 75%. In 
another series of experiments measurements were made at three humidity 
levels (relative humidity = 45-50, 70-75 and 85-90%) and one constant 
temperature (T = 23°C). A Weiss Growth Cabinet (type ZK 2200 E/+4 JU-P-S), 
located at the Institute of Plant Protection Research, Wageningen, served 
as a climate room (T = x ± 0.25°C; relative humidity = y ± 2.5%). 
Single preoviposition females were transferred to rose leaves that were 
still connected to a 5 cm section of their shoot. These females were allowed 
to produce eggs and web during a period equal to the mean incubation time 
of the eggs. Each experiment at a certain combination of T and RH was repli-
cated at least 15 times. The results are given in Tables 13 and 14. These 
show that web production is stimulated by increasing temperature but is 
only slightly affected by changes in humidity within the range 50-85%. From 
Table 13. Rate of increase of area webbed by Tetranychus urticae. 
Temperature (°C) Relative humidity (%) Rate of increase of webbed area 
(cm2-day-1-9_1) 
13 70-75 
16 70-75 
23 45-50 
23 70-75 
23 85-90 
29 70-75 
0.016 
0.057 
0.167 
0.157 
0.129 
0.218 
0.005 
0.014 
0.039 
0.046 
0.043 
0.032 
20 
16 
21 
18 
19 
12 
35 
Table 14. Web production of young females of Tetranychus urticae, as indi-
cated by the interception of fluorescent particles. 
Temperature (°C) Relative humidity (%) Rate of web production 
(particles-day -9 ) 
13 
16 
23 
23 
23 
29 
70-75 
70-75 
45-50 
70-75 
85-90 
70-75 
8 
26 
72 
63 
54 
102 
3 
8 
14 
11 
9 
19 
20 
16 
21 
18 
19 
12 
the same experiments the daily expansion of the webbed area was measured. 
Since webbing became visible after powdering with fluorescents and UV-illu-
mmation, the circumference of the colony could be drawn on graphic paper. 
The rare case of a single strand stretched over a part of uncolonized leaf 
was neglected. As can be seen from Tables 13 and 14, the ratio of the daily 
increase of particle interception and that of the webbed area is about con-
stant, so that apparently the web production is largely used for lateral 
expansion of the webbed area over the leaf surface. This does not mean that 
the webbxng is distributed uniformly over the webbed area. The webbing den-
ity was mapped crudely and some characteristic cases are given in Figure 
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M HIGH DENSITY OF WEBBING 
H MODERATE DENSITY OF WEBBING 
U LOW DENSITY OF WEBBING 
Fig. 8. Growth of the webbed area on the underside of a rose leaflet 
and a schematic representation of areas of high, moderate and low density 
of webbing. Leaf A until D represent increasing stages of colonization. 
the food source was almost exhausted and the mites were becoming increasing-
ly active, probably in search of food. There is an explosive increase in 
the amount of webbing due to the increase in walking activity. Saito (1977a) 
also noticed a high correlation between the walking activity and webbing. 
His observations clearly show that the spider mites continually produce 
threads while walking. Because silk secretion is probably not continuous, 
continuous thread production is probably due to the effect of silk coagulat-
ing by stretch. 
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Table 15. Daily leaf injury (mm2-day~ •$" ) on soybean3 and rose (4-5th 
leaf from top of flowering plant), caused by feeding of adult female spider 
mites. 
Temperature (° C) Soybean Rose ('Sonia'), 
age class of the adult female 
leaf from leaf from 
upper part lower part 2-3 8-10 11-18 
15 
20 
24 
25 
26 
30 
32.5 
35 
0.5 
0.66 
0.85 
0.33 
0.41 
0.74 
0.6 
0.9 
1.2 
1.4 
1.7 
0.2 
0.3 
0.4 
0.5 
0.6 
0.1 
a. Data from Baker & Conell (1963), using females of Tetranychus atlanticus 
(age unknown). 
b. Present study, n = 10-20. 
by spider mite females of Tetranychus atlanticus. Their data are also given 
in Table 15. They did not standardize the age of the spider mite females 
explicitly, which makes exact comparison difficult due to age-released 
changes in the rate of food ingestion. Nevertheless, the conclusion may be 
drawn that both results indicate a rate of leaf damage more than ten times 
smaller than the rate of colony growth. This suggests that a large part of 
the leaf covered with webbing is still available for juvenile food require-
ments, as long as the colony is allowed to expand freely. After complete 
colonization of the leaf, food scarcity may sooner or later become apparent. 
2.2 PHYTOSEIID PREDATORS 
In this section the bionomics of four phytoseiid species are discussed 
that are generally considered to be specialized on tetranychid prey 
(McMurtry et al., 1970). These predators are: 
Phytoseiulus persimilis Athias-Henriot 1957 
This species was obtained from the culture of the firm of Koppert (Berkel 
en Rodenrijs, The Netherlands), where it was fed with Tetranychus urticae. 
Dosse (1958) originally obtained specimens from Chile. Kennett & Caltagi-
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rone (1968) showed that the Chilean population readily hybridizes with a 
Sicilian population, which is considered to be endemic (Ragusa, 1977). Many 
records from other Mediterranean countries are available (see e.g. McMurtry, 
1977). This predator has been introduced in North American and European 
glasshouses to control spider-mite outbreaks. The results have been satis-
factory (Hussey & Scopes, 1977). 
Metaseiulus occidental is (Nesbitt, 1951) 
This species was obtained from the culture of Küchlein (Agricultural Uni-
versity, Wageningen), which originated on the culture of Bravenboer (Glass-
house Crops Research & Experimental Station, Naaldwijk). 
According to Hoying & Croft (1977) this population is conspecific with popu-
lations inhabiting citrus orchards in the western part of North America, 
where it is considered to be a successful predator of Tetranychus mcdanieli 
and, to a lesser extent, Panonychus ulmi (Hoyt & Caltagirone, 1971). The 
name of the genus (Metaseiulus instead of Typhlodromus) is adopted from 
Schuster & Pritchard (1963). 
Amblyseius bibens Blommers, 1973 
This species was obtained from the culture of van Zon & Blommers (Amster-
dam, The Netherlands), where it was fed on Tetranychus urticae. Blommers 
(1973) collected specimens in Madagascar. He reports this predator to be 
successful in controlling Tetranychus neocaledonicus and Tetranychus urti-
cae populations in the greenhouse (Blommers & van Etten, 1975; Blommers, 
1976). 
Amblyseius potentillae (Garman, 1958) 
This species was obtained from the culture of van de Vrie (Wilhelminadorp, 
The Netherlands), where it was fed on Tetranychus urticae. The culture did 
not succeed on mite-infested bean plants, but was successful when mites 
were brushed off the leaves and offered to the predators (van de Vrie, 
personal communication; own observations).Van de Vrie collected specimens 
in the south-west part of The Netherlands (Serooskerke). Here it is con-
sidered to be an effective predator of Panonychus ulmi, together with other 
predatory mites like Typhlodromus pyri and Amblyseius finlandicus (van de 
Vrie, 1972; McMurtry & van de Vrie, 1973; Rabbinge, 1976). Boczek et al. 
(1970) recorded this species also in Central European orchards. Recently, 
McMurtry (1977) collected specimens in Southern Italy and showed that a 
stock from apple in The Netherlands was reproductively compatible with a 
stock from citrus in Italy (McMurtry et al., 1976). 
The purpose of this study of phytoseiid predators is threefold: 
- to analyse interspecific differences in development, abiotic mortality, 
fecundity and sex ratio in relation to temperature, humidity and prey den-
40 
a 
o 
u 
•rH 
a 0 
•H 
P 
IB 
•ri 
> 41 
XI 
W 
•H 
Ü 
H 
• 
a 0) 
> 
•H 
Oi 
!U 
M 
rO 
10 
p G 
<u 
e 
IB 
p 
IB 
-a 
u 
a> p 
p 
IB 
i-H 
a) 
•p 
N 
£> 
T3 
01 
•a 
•H 
> 
•H 
T3 
IB 
•P 
IB 
V 
c 
s 0 
HI 
Ü 
3 
O 
M 
W 
(11 
•H 
ü 
4) 
a 
M 
u 
dl 
u 
3 
•P 
18 
11 
E 
ai 
EH 
o 
co 
LT) 
CM 
o 
eg 
CM 
+ 
CM 
+ 
in 
+ 
o 
+ 
o 
+ 
i 
CM 
H 
I 
ID 
I 
O 
+ 
CO 
I 
CO 
I 
KO 
+ 
en 
+ 
CM 
+ 
i n 
rH 
I 
in m 
CM H 
+ + 
i 
sf CO 
rH I 
+ 
+ 
CO 
+ 
U1 
CM 
+ 
CM 
+ 
O 
ID 
+ 
CM 
+ 
0 1 
CM 
+ 
ID 
I 
rH 
I 
rH 
I 
CM 
I 
rH 
+ 
CO 
+ 
ID 
+ 
in 
rH 
I 
en 
I 
CM 
+ 
i n 
CM 
I 
^ co 
i I 
CM 
ID 
Ol 
(B 
41 
œ 
(/} 
o 
Q 
CM 
I 
CM 
en 
w 
10 
o 
Q 
co 
CO ID 
l 3 c8 
ID 
M M •"• «3 
41 •—• 11 rH Ol 
O H O H 
G « fi ^ 
<L> i-H 4) 3 * 
> X) > o- e 
IB (B (B -H .G 
U EH M b . 
ID 
en 
•P fi 
(B 
J3 
U 
IB 
<£> 
en 
CM CO 
r- r-
fi 
4S 
•H 
m • 
w 
3 
•-H W 
3 'M 
•H r-s 
CD 'M 
W S 
O "H 
•W W 
Öl I* 
•Ci eu 
ft. O. 
m — M 
Oi u 
o u 
« s 
fi 
IB 
-C 
iB - n fi 3 
IB MH 
rH IB 
H 
o 
T3 
C 
Ifl 
fi 
u 
ai 
b 
C--
t - -
en 
P fi 
18 
s: 
U 18 
en 
C'-
en 
a 
p 
41 
en fi 
41 
P 
en 
co 
ID 
en 
•H 
> 
18 
a 
ai 
m j 
3 "H 
•-s m 
3 +J 
• N q 
<D ai 
w "O 
+ j ü 
m u 
S: o 
en fi 
•H 
18 
> l 
U 
•P 
M 
3 
S 
U 
S 
4 
P 
'M 
O 
^1 u 
CJ PH 
•p 
11 
•H 
(0 
O 
Oi 
iD 
t'-
en 
m - H 
3 fi 
18 
co 
+ 
+ 
m 
+ 
en 
+ 
CM 
CM 
+ 
en 
iD 
en 
Oi 
Oi 
4> 
O 
P 
o> 
Oi 
v 
S 
O 
M 
MH 
IH 
O 
T ) 
18 
ai 
•p 
ta 
c 
•H 
• a 
ai 
w 
3 
01 
(8 
3 
• a 
18 
O 
•P 
Ol 
Oi 
o 
M 
• H 
•O 
ai 
10 
a 
(B 
ai 
g 
•H 
EH 
4 1 
sity (Subsection 2.2.1-2.2.3). 
- to quantify the relative contribution of the different juvenile and 
adult stages of the predator to the prey consumption achieved in a whole 
life-span (Subsection 2.2.4). 
- to estimate the effects of drinking water, cannibalism and, when tetra-
nychid food is lacking, non-tetranychid food consumption on phytoseiid sur-
vival, and to determine their ability to recover from starvation (Subsec-
tions 2.2.5-2.2.7). 
2.2.1 Development and mortality 
Data on developmental time and mortality seem to be available (Table 16) 
in sufficient quantities. However many results are contradictory, which may 
be due to differences in strains or experimental methods, e.g. results of 
Bravenboer & Dosse on the developmental time of Phytoseiulus persimilis 
(Bravenboer & Dosse; Table 1 and Figure 1), results of Tanigoshi et al. 
(1977) and Pruszynski & Cone (1973) on the developmental time of Metaseiulus 
occidentalis, and results of McMurtry (1977) and Rabbinge (1976) on the de-
velopmental time of Amblyseius potentillae. Because of these differences 
interspecific comparisons were made simultaneuously between four phytoseiid 
species. This trial was carried out at three temperature levels <T = 15, 
20, 30°c; relative humidity = 70%; photoperiod = 16 hours). At the start 
females were allowed to oviposit for two hours at T = 20°C. The eggs ob-
tained in this way were immediately transported to the climatic cabinet. 
After hatching the larvae were put separately in Hunger cages (Fig. 10), 
IhroLh T T " SUPPlled W i t h S b U n d a n t Pre* <eggs< larvae and females), 
throughout their development. The presence of exuviae was used as a crite-
the preov P r eT S m ° U l t i n g - ^ SkinS W 6 r e d i s c a ^ after detection. At 
ensure flrt°: ^ °f ** femaleS' tW° m a l « -re added per cage to 
Posited their'flrregrirr1"" "" " ^ '*" ^  ^ ^ *"' "" 
corded everv R H W & y the Pro9ress in development was re-
in F".!! "s .IT T W l t h " l6aSt 3° r e P l i — ™ » -suits are presented 
deposition of the fi^t"6 °1 ^  ^ ^ ^ b e t W S e n e g g s a mP l i n g and ** 
development). The inte * ^  ^ ^ "P f 6 m a l e (the r a t e o f ^ l ^ 0 - ^ ' 
summarized in linear e ^ t " ^ d l f f e r e n C e s in t h e rat« of development are 
perature (T = ls-aooc)^9 " ^ r e l a t i n g the ra*e of development to the tem-
Phytoseiulus persimilis 
Amblyseius bibens = °*011 * (T-11.2) (day-1) 
Amblyseius potentiliae ~ **** = °-011 X <T-"-5) (day-1) 
Metaseiulus occidentalis ~ " ^ = °-010 x (T-11.0) (day-1) 
Pnutoseiulus persimilis ^ ' ^ = °-°°8 * (T"11-°) ^ ay' 1) 
but much faster than Netasei somewhat faster than Amblyseius bibens, 
°Ped as fast as Phytoseiuil^ T °CCidentalis• Amblyseius potentiliae devel' 
'
 b U t appeared
 to be better adapted to the lower 
• GLASS PLATE 
FILTER PAPER 
GLASS PLATE 
Fig. 10. Design of the Munger cage used in the study of Phytoseiidae. 
temperature regime. This difference is possibly related to the climatic ori-
gin of these species. One common trait of the rate of development among the 
Phytoseiidae studied is that they develop faster than their prey: Tetrany-
chus urticae - rate = 0.0067 x (T-11.0) (day- ). Moulting causes only a 
very short interruption in the food searching activity of phytoseiids. 
Tetranychid development is characterized by distinct moulting stages of a 
duration similar to that of the preceding feeding stage. This causes an in-
terruption of feeding and hence a retardation of development. From this 
point of view it is worthwhile to note that the egg-to-egg developmental 
periods of predator and prey equal each other, if the moulting stages are 
excluded from the computation of developmental time. The relative contri-
bution of the hatching, intermoult and preoviposition periods to the total 
egg-to-egg period is about the same for all temperatures and for all species 
studied; on average 34% of the egg-to-egg period is spent in the egg stage, 
12% in the larva stage, 15.5% in the protonymph stage, 16.5% in the deuto-
nymph stage and 22% in the preoviposition stage (Table 17). The standard 
deviation and the mean of the developmental periods were estimated from a 
plot of the cumulative frequency distribution of developmental periods on 
probability paper of the Gaussian distribution. The 8-hour observation in-
terval was taken as a class unit. The estimated standard deviations were 
7-12% of the estimated mean developmental time. In Table 16 the proportional 
differences between the present measurements and those found in the litera-
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RATE 0F"E6G-T0-EG6" 
DEVELOPMENT (DAY 
0.25-1 
-1, 
0.20 H -4 
0.15-
0.10-
0.05-
~1 ' I I • 1 ! 
15 20 25 30 35 
TEMPERATURE (°C) 
Zl' "I* f t e ° f egg't0"egg development of four phytoseiid species and the 
tw - p 0 t t e d spider mite in relation to temperature, o, Ptytoseiulus persi-
"«*!;*' ^1VSeiUS b l b w " +' ^ ^ e i u s patenting A, Metaseiulus occi-
standarl'deTTT- ' T t W ° _ S P ° t t e d S p i d e r mite' Tetranychus urticae; 1 , standard deviation (n = 30-50). 
TZt7er^riT«mmr t h e d 3 t a l n t h e l i t e r a t U - concerned egg-to-
P !d was a d d d ° f e g g " t 0 _ e g g P e r i ° d S ' t h e 1 S n g t h ° f ^ developmental 
tion in the dat , a C C ° r d i n g l Y - T h i S ^ ^ demonstrates the large varia-
i s : ; t e d t to
 s°t
mrarn
e l i t e r u r e c o m p a r e d t o t h e d a t a « * * * • — 
EventhoughZr\ S P 6 C l f l C n e s s ^ experimental methods. 
-e inn r i r ofttirtThent *;reiated uneariy to the — -
give rise to results t h a T T Y' f l U C t u a t i n 9 temperatures may 
-on. However ^ ^ I ^ T ^ r f°r ^  ^ " ^ 
considered as reacting • «. r a t e o f development may be 
reacting instantaneous! v i-^  , u 
neously to a change in temperature (Aia&iy-
Table 17. Stage-specific developmental times of four phytoseiid species. 
Species Temperature Mean developmental time (days) 
(°C) 
egg larva proto- deuto- preoviposition 
nymph nymph female 
Phytoseiulus 15 
persimilis 
Amblyseius 15 
potentillae 
Amblyseius 15 
bibens 
Metaseiulus 15 
occidentalis 
Phytoseiulus 20 
persimilis 
20 
20 
20 
Amblyseius 
potentillae 
Amblyseius 
bibens 
Metaseiulus 
occidentalis 
Phytoseiulus 30 
persimilis 
Amblyseius 
potentillae 
Amblyseius 
bibens 
Metaseiulus 
occidentalis 
30 
30 
30 
8.6 
6.8 
9.2 
9.8 
3.1 
3.2 
3.5 
4.4 
1.7 
1.6 
1.7 
1.7 
3.0 
2.4 
3.2 
3.6 
1.1 
1.1 
1.3 
1.7 
0.6 
0.7 
0.7 
0.8 
3.9 
3.3 
4.3 
4.4 
1.4 
1.4 
1.6 
2.0 
0.8 
0.8 
0.8 
0.9 
4.1 
3.4 
4.5 
4.9 
1.6 
1.5 
1.8 
2.4 
0.8 
0.8 
0.8 
1.0 
5.6 
4.2 
5.8 
6.6 
1.9 
2.0 
2.3 
3.1 
1.1 
1.1 
1.1 
1.3 
seius potentillae). 
Begljarow (1967), Ushekov & Begljarow (1968) and Stenseth (1979) showed 
that developmental time is also affected by relative humidity. Only a slight 
increase in developmental time was observed by these authors when the rel-
ative humidity was increased from 40% to 70%. The tendency to gain water by 
increased prédation at low humidity may account for this reduced effect 
(Begljarow, 1967; Pruszynski, 1977). According to Begljarow, development 
almost stops at relative humidities of 25-35%. 
In the present experiments, mortality during development was as low as 
in Tetranychus urticae. At all temperatures 87-94% of the eggs reached 
maturity, independent of the species involved (RRM = -ln(0.9) x DR; RRM = 
relative rate of mortality; DR = 'egg-to-egg developmental rate). In another 
experiment the effect of extreme temperatures was investigated for Phyto-
seiulus persimilis and Metaseiulus occidentalis; a five-day period of the 
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eggs at T = 10°C did not alter the percentage of eggs reaching maturity in 
a subsequent period at T = 20°C and relative humidity = 70%. At T = 35°C 
and relative humidity = 75% the pre-adult mortality rose to 24%. According 
to Hamamura et al. (1978) the eggs of Phytoseiulus persimilis failed to 
hatch after storage periods of more than 6 days at temperatures below 10°C, 
but the adult females were able to survive and to remain reproductive after 
25 day storage without food, after 50 day storage with honey and after 70 
day storage with spider mites, when relative humidity was sufficiently high. 
According to Begljarow (1967) the mortality in the egg stage depends 
very much on the humidity level. At a relative humidity of 50% the eggs of 
Phytoseiulus appeared to shrivel at all temperatures between 13°C and 37°C. 
At a relative humidity of 60% hatching of the eggs was successful below T = 
30°C, but above this temperature level a relative humidity of 80% was nec-
essary for successful hatching. Larvae, nymphs and adults were less affect-
ed by humidity, probably due to a compensatory moisture supply through in-
creased prédation at decreasing humidities. They could develop normally at 
relative humidity = 50%, but at 25-35% stopped (Begljarow, 1967). A number 
of authors confirmed the fact that the egg stage of Phytoseiulus persimilis 
is relatively vulnerable to relative humidities below 70% (Ushekov et al., 
1968; Hamamura et al.,
 1978; Pralavorio et al., 1979; Stenseth, 1979). A 
similar type of vulnerability was found by McMurtry et al. (1976) for Ambly 
seius potentillae. An Italian stock of this species appeared to be more re-
sistant to low humidities than a Dutch stock (50% mortality of the eggs at 
relative humidities of approximately 55% and 70%, for the respective stocks). 
McMurtry et al. state that these results are consistent with the climatic 
to drv 'he.St0CkS M d t h a t t h e «** stage is probably the most vulnerable 
to dry conditions: the mobile stages can obtain moisture from their food or 
r i m o U m 0 r e/ a V 0 U r a b l e (-cro)climate. However, although the egg itself 
potHn th ? 1S d e P ° S i t e d b Y t h e a d U l t f 6 m a l e ' " * * « -t characteristic 
and most ^ "*"* *° * * ^ **"> ' ° ^ C l ° s e t 0 ^ leaf 
t£ webbino st ? ° r t a n t W l t h r e 9 a r d t 0 the ^oseiidae - ^stion " in 
alllÎ Z Z P r 0 d U C e d b Y t h e l r P r e ^ A S P o r t e d by Kazan et al. 
VJ-^ '3;, the hygroscopic properties nf +->,~ fu • 
climate in the webbing structure the T f " ^ StrandS' ^ m i C r ° ' 
ration of the leaf and ƒ ""' the S U ^ o f moisture via evapotranspi-
may buffer the ^  h ^ ^ I T Ï ^ ^ * "» » " ' ""* 
Because the henhouse climate is s u c h ^T ^ ^ ^ 
40% and 70% do occur rather frequently 1 ^ ^ hnmiditieS b e t W e 6 n 
buffers the effect of h 'd' Y' the e x t e n t to which the microhabitat 
velopment were placed ^ L Z l ^ T ^ ^ l "*"*"" ' " ^ "" 
- Plant with webbing and mites (J„ ! COntrolled-^vironment room: 
- uncovered „unger cage without l ^ ^ ^ ^ 
substrate). weaves, webbing and spider mites (= Perspex 
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Fig. 12. Plant system used in the study of climatic effects on life history. 
and were allowed to oviposit for one day. In this way, the eggs were not 
deposited in an artificial way, but according to the oviposition behaviour 
of the female predator. After removal of the ovipositing females the hatch-
ing success of the predator eggs was recorded during the following six days. 
The results (Fig. 13) show that in comparison with the artificial substrate 
the combination of plant, webbing and spider mites exerts a positive influ-
ence on the hatching success. Under the climatic regime of the greenhouse 
culture of ornamental roses (relative humidity > 50%) no detrimental effects 
are to be expected because the hatching success declines for relative humid-
ities below 50%, even at high temperatures. The results concerning the arti-
ficial substrate correspond with reports of similar investigations (Ushekov 
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PHYTOSEIULUS PERSIMILIS AMBLYSEIUS POTENTILLAE 
HATCHING 
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rig. 13. Hatching success of the eggs of two phytoseiid species (o = Phyto-
seiulus persimilis and
 + = Amblyseius potentillae) in relation to relative 
hunudity and to the substrate. ,
 webbed bean leaves (Fig. 12); ••••-
uncovered Munger cages (Fig. 10). 
et al., 1968; Pruszynski, 1977; Pralavorio et al., 1979; McMurtry, 1977). 
Those concerning the 'natural- substrate correspond with the results of 
Stenseth (1979), who used the appropriate experimental procedure at two ex-
treme humidities (relative humidity = 80% and 40%). 
The reports of juvenile mortality at high temperatures (T > 30°C) are 
numerous. Bravenboer & DOSSP MQR9\ *A * *. 
nf Dh + . , e (1962) d l d n o t report an increase in mortality 
found
 a T l S aUVenil6S ^  T = 3°° C and 3 5 ° C ; H — a et «*• < 1 9 7 6 a ) f und a
 hlgh mortality of Phytoseiulus Persimilis at temperatures above 
at t « r O W r68) Md BÖhm (1970) ° b S e r V e d l0W ^ ^ y of the eggs 
y even a i r t T 3°°C "* ^ ^ ^ «™* * very high mortal-
reports of in = m l l a r l y f°r M e t a S ^ s occiäenflis. there are m a;":~xz re 33°c (pruszynski & —i973'high The interpretatio o 'th 9 J : X: *' ^ ' 1 0 ° * ^ ^ '* T = >"'.Ch 
specification of th. V e r y d i f f i c u lt, both through lack of 
experiments str L T ™ " " • ^ ' ^ ^ " * M °f "**>*** ^ *» 
indicate an i n c r e a s e " a " 7 - ^ T " " ™' ' ^ < " " * 
critical humidity leve] h0i .- aDd h i g h humidity, but the 
«easing temperatures s e T Z l ^ ^ ^ ^ ±8 " ± 8 e d *" ^ 
detrimental effects c a i ^ H ' 1 9 6 8 K P r ° b a b l v t he rapid °nset of 
cannot be prevented by high humidities when temperature 
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Table 18. Stage-specific fresh weights (ug) of four phytoseiid species. 
Predator Egga Larva Proto- Deuto- Male 
^b , b species nymph nymph 9 
Female a 
Phytoseiulus 4.5-4.8 4.0-4.8 5.2-6.7 9.7-10.9 5.4-6.7 
persimilis 
Ambluseius 
potentillae 
Amblyseius 
bibens 
Metaseiulus 
occidentalis 
2.9-3.3 
2.0-2.4 
1.8-2.1 1.8-2.2 2.3-2.9 3.1-3.9 2.5-3.0 
24.1-28.9 
15.1-17.9 
10.1-12.? 
8.0-10.4 
a. Number of replicates - 20. 
b. Number of replicates = 5. 
exceeds 32°C. 
Measurements of the weight increase during development are given in 
Table 18. The males attain their final weight level in an early stage of 
development: the protonymph stage. The females obtain almost 60% of their 
weight increase during the preoviposition period. The maximum difference in 
weight between females sampled from well-fed cultures at or before oviposi-
tion almost corresponds with the weight of an egg. This is because one egg 
at a time (= the terminal oocyte) is absorbing vitellogenic materials. After 
attaining its final size and fertilization the egg will be deposited and 
the next egg in the 'queue' will start growing. The adult ovipositing female 
weighs 4-5 times more than the original egg mass, a ratio that holds for 
all species studied. Furthermore, it appears that though the relative weight 
increase is constant for the species studied, absolute weight levels differ 
considerably. As shown in Fig. 3, Metaseiulus occidentalis is the smallest 
phytoseiid of the four studied. Relative to this species the ovipositing 
females of Phutoseiulus persimilis contain 2-3 times more biomass, Ambly-
seius potentillae 1.5-2 times more and Ambluseius bibens 1.1-1.3 times more. 
The effect of food supply on the rate of development is demonstrated in 
Table 19, which presents some unpublished data of Küchlein and data from 
the literature (van de Vrie, 1973; Takafuji & Chant, 1976). The critical 
level of food supply, below which development is retarded and mortality in-
creases, is about 1-2 »g per day. From the interspecific and stage-specific 
weight distributions, it is obvious that the effects are more pronounced in 
the larger-sized phytoseiid species and in the preoviposition phase, in 
which relative to the other stages a large weight increase has to occur in 
a short time span. The larvae of all species in question are able to moult 
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Table 19k. The influence of the density of the prey on the developmental 
time of Metaseiulus occidentalis. Leaf area = 5 cm2; daily replacement of 
the prey consumed; T = 27°C. Source: Küchlein (to be published). 
Prey (eggs) Developmental time (days) 
number 
egg n l a r v a n protonymph n deutonymph n egg t o adul t 
1 
2 
4 
25 
50 
1.7 44 
1.72 69 
-
1.61 74 
1.81 99 
1.16 
0.98 
0.97 
1.01 
0.90 
37 
65 
76 
69 
90 
1.94 
1.26 
1.00 
1.01 
0.89 
32 
57 
73 
67 
82 
1.26 
1.02 
1.00 
0.93 
0.95 
27 
51 
73 
67 
75 
6.06 
4.98 
4.67 
4.56 
4.55 
Table 19B. The i n f l u e n c e of p r e y d e n s i t y on t h e d e v e l o p m e n t a l t i m e of 
Phutoseiulus persimilis. n = 10-14 ; p a p e r a r e a = 4 cm2 ; d a i l y r e p l a c e m e n t 
of the prey consumed; T = 25°C. Source : T a k a f u j i & c h a n t ( 1 9 7 6 ) . 
Prey (protonymphs) Developmental t ime (days ) 
number 
1 
2 
4 
20 
Prey (adult 9) 
number 
larva protonymph deutonymph egg to adult 
0.8 
0.8 
0.8 
0.8 
2.8 
1.2 
1.2 
1.2 
Preoviposition 
5.1 
1.7 
1.2 
1.2 
8.7 
3.7 
3.2 
3.2 
1 
2 
4 
8 
16 
32 
5.5 
4.1 
2.9 
2.0 
1.5 
1.4 
of 
into the next nymphal stage without anv
 f„ * „ . ' 
development, but moultingf J 2 ^ " * " ^ « * retardation o 
reguire food consumption, when prey eggs are ^ T ^ ^ " ^ ^ 
similis and Metaseiulus occidental* abundance Phutoseiulus per-
occidentals consume 15 and 8 eggs, respectively, 
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Table 19C. The influence of prey density on the developmental time (days) 
of Amblyseius potentillae. n = 11-13; cage area = approx. 20 cm2; daily 
replacement of the prey consumed; T = 23°C. Source: van de Vrie (1973). 
Prey (larvae) Developmental period Preoviposition period 
number (egg to adult) 
high 6 (5-6.5) 2 (1.5- 3.5) 
10 6 (5-6.5) 2 (1.5- 3.5) 
4 8 (7-9.5) 4 (3.5- 5.5) 
2 12 (10-18) 8 (7.0-10.5) 
during nymphal development (Subsection 2.2.4). These quantities of food re-
quired are constant at all temperatures, which suggests a fixed amount of 
food needed to mature. However, phytoseiids are able to mature on 66% of 
the food quantity described previously (own observation). Although their 
bodies were flattened under conditions of low food supply, they were still 
able to moult into the next stage despite their obviously hungry state. 
Apparently development allows for some flexibility with respect to the food 
requirements in the nymphal stages. 
2. 2.2 Sex ratio 
For four phytoseiids, egg production commences only after copulation 
(McMurtry et al., 1970; Schulten et al., 1978; personal observation). Al-
though karyological evidence indicates that males are haploid and females 
diploid (Wysoki & Swirski, 1968; Blommers & Blommers-Schlösser, 1975; 
Oliver, 1977), both males and females probably result from diploid eggs, as 
has been shown by genetic means for the case of Amblyseius bibens, Phyto-
seiulus persimilis (Helle, 1978) and Metaseiulus occidentalis (Hoy, 1979). 
Apparently the haploid condition of the males is caused by the loss and/or 
heterochromatization of half of the chromosomes. Thus parahaploidy, not 
arrhenotoky, as found in the spider mites, is the genetic system (Hoy, 1979). 
The probability that an egg becomes a male or a female can be estimated 
from the sex ratio (9/(9 + d ) in a large sample taken from eggs lain by 
randomly selected phytoseiid parents. Sex distinction is most conveniently 
made in the adult phase: females are larger than males. The proportion of 
females can thus be assessed in the group of adults emerging from a labora-
tory ab ovo cultivation. This proportion equals the sex ratio if the rela-
tive rate of juvenile mortality of both sexes are the same. In Table 20 a 
data survey is given for 'laboratory' sex ratios of the four Phytoseiidae. 
Although the sample size of the parental females is generally small, it 
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Table 20. Sex ratio in the progeny of four phytoseiid species according to 
references in the literature. 
Predator Temperature Sex ratio Number 
species (°C) 9/(9 + <*) of eggs 
Number of Reference 
parental 
females 
Phytoseiulus 23 
persimilis 25 
25 
25 
15-28 
22-27 
Metaseiulus 18 
occidentalis 
21 
24 
27 
29 
32 
35 
24 
22.5 
22.5 
0.89 
0.86 
0.84 
0.82 
0.804 
0.79 
954 
816 
930 
400 
245 
247 
0.66 
0.70 
0.64 
0.68 
0.68 
0.62 
0.60 
0.53 
0.63 
0.55 
Amblyseius 
bibens 
Amblyseius 
potentiliae 
15-28 
25.5 
29 
15-30 
0.71 
0.62 
0.83 
0.69 
43 
620 
179 
360 
238 
11 
13 
100 
20 
20 
50 
50 
50 
50 
50 
50 
50 
60 
20 
54 
85 
Amano & Chant, 1978 
Schulten et al., 1978 
Hamamura et al., 1976 
Takafuji & Chant, 197 
Laing, 1968 
Kennett et al., 1968 
Tanigoshi et al., 
1977 
Tanigoshi et al., 
1977 
Tanigoshi et al., 
1977 
Tanigoshi et al., 
1977 
Tanigoshi et al., 
1977 
Tanigoshi et al., 
1977 
Tanigoshi et al., 
1977 
Lee & Davis, 1968 
Croft & McMurtry, 
1972 
Croft & McMurtry, 
1972 
Laing, 1969 
Sharmaa, 1966 
Blommers, 1976 
Rabbinge, 1976 
a- Ph.D. thesis, refer^H i- • 
referred to
 l n croft & McMurtry (i972). 
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seems justified to conclude that for all four species the sex ratio general-
ly exceeds 50% and that there are interspecific differences. The sex ratios 
of Amblyseius potentillae and Metaseiulus occidentalis are around 66%, while 
those of Phytoseiulus persimilis and Amblyseius bibens are close to 83%. 
Based on both laboratory sex ratios and sex ratios observed in the field, 
the sex ratio may be considered constant, although a few exceptions are 
noteworthy: 
- Tanigoshi et al. (1977) established a slight decrease of the sex ratio 
of Metaseiulus occidentalis at temperatures exceeding 30°C. 
Dyer & Swift (1979) found that short-term variations in sex ratio were 
related to meteorological changes, particularly humidity, temperature and 
wind speed. The reason is not yet clear. 
- Amano & Chant (1978) observed that the sex ratio of Phytoseiulus persi-
milis was constant with age, except for a higher proportion of male progeny 
at the onset of reproduction. 
- Amano & Chant (1978) found that the sex ratio was independent of the 
feeding history of the female as a juvenile, but in comparison with well-
fed females temporary food deprivation in the adult stage gave rise to a 
decrease of the sex ratio in the subsequent offspring. 
The causes of the deviating 'laboratory' sex ratios may be due to both 
differences in mortality among the sexes and the sex determination process. 
The 'field' sex ratios are also influenced by the shorter life span of the 
males, differential susceptibility to detrimental factors, etc. 
There seems to be no reason why adult females should not mate shortly 
after emergence: 
- The eggs are deposited in prey aggregations, so that emerging males and 
females are in close vicinity. 
- The tendency to disperse is low in all stages relative to that in the 
fertilized females (Section 3.4). The food requirements for development are 
very low and even flexible to a certain extent (see Subsection 2.2.1), so 
that the aggregation of the juvenile, male and virgin female phytoseiids 
has no severe effect on prey availability and when prey becomes scarce, the 
strongest individuals can survive and develop by way of cannibalism (Sub-
section 2.2.6). 
- The sex-attracting cues are probably only effective over short distances 
(Rock et al., 1976; Hoy & Smilanick, 1979) and the proportion of males in 
the offspring is always less than 50%. 
- Severe starvation is not detrimental to the willingness to mate (Ragusa 
& Swirski, 1977; Blommers et al-, 1979). 
A single mating is sufficient to achieve maximal fecundity in the case 
of Phytoseiulus persimilis (Schulten et al., 1978; Amano & Chant, 1978). 
However Hamamura et al. (1976a) found, that those females that had deposited 
less than 43 eggs, restarted to oviposit after the reintroduction of a male 
on day 33 since first oviposition. Surprisingly the sex ratio of the 'second' 
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Table 22. Survey of the literature on fecundity (number of eggs) and on 
life-span of some phytoseiid predators. 
Species Temperature Potential Net 
(°C) fecundity fecundity 
Reference 
Phytoseiulus 
persimilis 
Ajnblyseius 
potentillae 
Amblyseius 
bibens 
Netaseiulus 
occidentalis 
25-26 
22-27 
22-27 
23 
25 
25 
17 
21 
26 
25 
20 
5 
5-12 
10 
20 
30 
10 
15 
20 
25 
30 
22 
25 
29 
24 
15-28 
22.5 
24 
18.5 
25 
30 
18 
21 
24 
27 
29 
32 
35 
65.0 
64.1 
63.7 
81.2 
75.0 
51.8 
53.5 
43.8 
53.5 
62.0 
59.0 
56.1 
64.7 
74.5 
71.9 
79.5 
71.5 
65.5 
73.1 
74.1 
78.0 
70.9 
57.9 
74.2 
78.8 
0 
16.8 
31.0 
80.2 
16.4 
9.0 
20.0 
27.8 
29.1 
16.0 
63.2 
60.1 
63.6 
39.5 
33.7 
34.0 
33.8 
37 
33.8 
35.2 
28.2 
21.9 
28.1 
29.6 
33.1 
28.2 
33.4 
27.8 
44.0 
23.3 
20.7 
15.3 
25.2 
20.4 
38 
10 
12 
20 
20 
10 
30 
12 
12 
16 
14 
21 
25 
10 
10 
38 
54 
54 
54 
20 
51 
25 
80 
30 
10 
12 
12 
50 
50 
50 
-105 
- 87 
- 63 
14-101 
- 78 
- 87 
23-93 
51-79 
60-85 
66-87 
52-93 
42-91 
36-89 
59-98 
12-95 
21-56 
14-53 
13-55 
21-54 
17-48 
Begljarow & Hlopceva, 1965 (A) 
Laing, 1968 (B) 
McClanahan, 1968 (C) 
Kamath, 1968 (D) 
Böhm, 1966 (E) 
Kennett & Caltagirone, 1968 (F) 
Plotnikov & sadkowskij, 1972 (G): 
Amano & chant, 1977 (H) 
Takafuji & Chant, 1976 (I) 
Hamamura et al., 1976a (J) 
Pruszynski, 1977 (K) 
(eggs as food) 
(larvae as food) 
Schulten et al., 1978 (L) 
Fernando, 1977 (M) 
Pralavorio, 1979 (N) 
Rabbinge, 1976 (O) 
Blommers, 1976 (P) 
Schulten et al.a, 1978 (S) 
Lee & Davis, 1968 (R) 
Laing, 1969 (s) 
Croft & McMurtry, 1972 (T) 
Croft, 1972 (U) 
Pruszynski & Cone, 1973 (V) 
Tanigoshi et al., 1976 (W) 
Females had mated only , 
Küchlein (to be published) (X) 
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Table 21. Continued. 
Ref. Preoviposition 
period 
Oviposition 
period 
Postoviposition 
period 
Female 
longevity 
22 
21 
19 
32.6 
1.3 0,3 
1.5 0.5 
1.3 
16 
30 
15.1 
18.6 
±21 
23.3 
21.6 
17.2 
33.6 
26.3 
18.8 
33.8 
24.3 
23.1 
10-15 
37.1 • 
-
43 
44 
30 
5.5 
-
-
-
5.5 
6.0 
4.8 
-
-
-
-
-
-
-
8.8 
-
-
-
-
-
20 
20 
-
10 
30 
13 
12 
12 
12 
18 
19 
12 
-
16 
-
-
25 
24 
25 
-
-
-
-
-
-
26-38 
22-37 
16-23 
25-48 
13-33 
12-36 
-
6-44 
-
-
-
-
-
-
-
-
0. 
13. 
-
-
-
-
-
-
-
-
22. 
-
-
-
-
-
.7 
.1 
.7 
-
-
-
0.8 
7.7 
-
-
-
-
-
-
-
-
11.3 
-
-
-
-
-
-
-
-
10 
30 
-
-
-
-
-
-
-
-
11 
-
-
-
-
-
25.1 
36.2 
49.0 
56.3 
54.1 
38.2 
77.9 
51.1 
37.5 
-
50.9 
52 
65 
68 
45 
9 
5. 
9. 
11, 
-
-
-
-
-
-
-
17. 
-
-
-
-
-
.7 
.3 
.1 
0 
10 
30 
13 
12 
12 
12 
IS 
19 
12 
-
19 
14 
21 
25 
24 
25 
-
-
-
23- 92 
19- 93 
15- 5B 
49-123 
15-138 
19-128 
-
10- 72 
-
-
-
-
-
7.4 
4.0 
1.9 
2.9 
1.1 
1.0 
0.9 
0.8 
22.2 11.8 
15.1 8.5 
13.4 7.8 
4-41 
6-28 
2-44 
8.0 
7.6 
10.8 
35 
8 
37 
0-28 
0-28 
0-45 
34.2 
24.6 
27.1 
- 46 
- 28 
- 23 
1.3 
3.2 
1.5 
2.8 
1.2 
1 
4.1 
2.7 
2.4 
2.4 
1.3 
1.1 
1.5 
1-2 
10 
12 
12 
50 
50 
50 
50 
1-2 
2.5-4.0 
2-3 
1-1.5 
0.8-1.3 
27.1 
14.3 
10.9 
17.6 
16.0 
13.9 
13.4 
11.5 
11.4 
9.5 
25 
80 
30 
10 
12 
12 
50 
50 
50 
so 
50 
50 
50 
7-25 
27-41 
16-29 
15-39 
10-18 
7-15 
-
-
-
-
-
-
-
38.7 
20.2 
51 
18 
21-56 
10-30 
27.1 13.8 67 
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brood had decreased to 76%. Amblyseius bibens (Schulten et al., 1978), Meta-
seiulus occidentalis (Küchlein, personal communication) and Amblyseius po-
tentillae deposit only about 2/3 of their total egg potential for only one 
mating. Hence more than one mating is required to maximize reproduction. 
2.2.3 Adult life span and fecundity 
From the literature data in Table 21 on phytoseiid longevity and fecun-
dity at various temperatures and high prey density, it follows that: 
Interspecific differences in female longevity are absent, but the species-
specific fecundities decrease in the following order: Phytoseiulus persi-
milis (approx. 70), Amblyseius bibens (approx. 60), Metaseiulus occidentalis 
(approx. 35), Amblyseius potentillae (approx. 30). 
- Strain specific fecundities may be present, as indicated by the diffe-
rences between the Dutch strain of Phytoseiulus persimilis (Pruszynski, 
1977; Schulten et al., 1978) and the others. A similar indication can be 
found by comparison of the data of Küchlein and the North American reports 
for Metaseiulus occidentalis. 
- Net fecundity is 70-97% of the potential fecundity (female mortality ex-
cluded). 
The oviposition period is shortened by increasing temperatures. Female 
longevity is less affected as the postposition period is rather varia-
ble. 
Fecundity is probably maximal in the temperature range of 17-28°C. Only 
a few data are available at temperatures below 17°C, but a decrease is ex-
pected. At temperatures above 28°C such a decrease will eventually occur 
also, but the critical temperature is not known. 
sJlTP,lete t h e S e r S S U l t S i n t e r sP e c ific comparisons at low (12 and 15°C) 
and high (30 and 33°C) temperatures are necessary. These reproduction expe-
riments were carried out in Hunger cages with ample supply of prey (eggs 
n larvae) and high relative humidity (relative humidity = 85%). At the 
guentlTth ? e d f6male " * * " ^ ~ " " * ^ each cage and 
Z U T ) ind T °f e9gS d e P ° S i t e d W a S r S C O r d e d ^ ^ * » «suits liacie 22) indicate that except fnr i^hi • 
upper iHmHi- -i K Amblyseius potentillae the critical 
upper limit is above 3i°r TI, I-I T *.+. 
tween 25 and ^ r I ^ C 3 S e the l i m i t is somewhere be-
.axiLi 5 , : : : :
 t -t : :;r:rinhar' rconsidered reiative to their 
among the species fecundity below I7°c was almost equal 
Several authors have established a decrease in ^ . 
at humidities below 65°/ , I W r t , urease m the rate of reproduction 
•
LOW bb
* (Ustchekow et al "IQGA. B Q -i • , •; 
1977; Pralavorio I97<n
 U ' ^ ^ a r o w , 1968; Pruszynski, 
iu
' J-3/y). However thp=;p H = I-, . 
«nt . on intact plants, so that the ef f e c t o f ^ ^ . ^ ^ ^ ~ 
*** °f the plant was
 n o t included in thl ' ^ b u f f e r i n* «pac-
level. Elative humidity is crit
 c J " " ^ " ^ ^ h U m i d i t y 
±ow 50
^'
 as
 experiments on the sensi-56 
Table 22. Net fecundity (number of eggs) of four phytoseiid species at 
some extreme temperatures. 
Species T = 12°C T = 15°C T = 30°C T = 33°C 
Phytoseiulus 20.2 7.2 15 40.9 15.2 25 62.8 19.2 25 60.8 14.3 25 
persimilis 
Amblyseius 13.4 5.2 20 48.2 16.4 20 60.8 16.3 20 58.8 14.1 20 
bibens 
Netaseiulus 9.4 2.8 20 30.1 12.4 18 41.3 11.0 20 44.0 12.7 20 
occidentalis 
Amblyseius 10.2 3.3 15 22.5 9.8 15 21.4 13.2 25 16.5 7.7 25 
potentillae 
tivity of hatching success to humidity indicate. Therefore it is assumed 
that no detrimental effects of humidity are to be expected under the cli-
matic regime occurring for the greenhouse culture of ornamental roses. 
The rate of food conversion into egg biomass is very high. Ovipositing 
phytoseiid females have a daily egg biomass production equal to half their 
maximum body weight, which is taken to be their mean weight just prior to 
egg laying. Moreover, although the fecundity of phytoseiids is 2-4 times 
lower than that of the spider mites, the biomass of eggs produced may be 
equal (Amblyseius bibens) or even two times larger {Phytoseiulus persimilis). 
Because of the high production of egg biomass the supply of prey will be 
very important to these predators in realizing their reproductive potential. 
The effect of prey egg density on the life span and net fecundity of Meta-
seiulus occidentalis is given in Table 23 and Fig. 14. The mean life span 
is double at a prey density of 1-2 eggs per 5 cm2 leaf disc, replacing the 
prey eaten by the predator or died from other causes at daily intervals. 
The cumulative number of eggs produced per living female is plotted against 
time elapsed since the last moult of the female for various levels of the 
prey density. The ultimate number of eggs produced (= potential fecundity) 
decreased from 74% at 4 prey eggs per 5 cm2 to 44% at 2 prey eggs per 5 cm2 
and next to 10% at 1 prey egg per 5 cm2. 
The rate of reproduction does not depend on the age of the female, but 
rather on the number of eggs already deposited: 
- Virgin females retain the ability to produce eggs all their life. Their 
age at fertilization does not influence the subsequent rate of reproduction 
nor the sex ratio (Schulten et al., 1978). 
- Adult female Phytoseiidae retain their ability to produce a normal egg 
number after any period of food deprivation, unless prevented by death or 
old age (> 50 days). See Table 24 and Blommers et al. (1979). Ashihara et 
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Table 23. The influence of prey density on female longevity of Netaseiulus 
occidentalis. T = 27°C; relative humidity = 60-80%; daily replenishment of 
the prey consumed. Source: Küchlein (to be published). 
Prey (egg) density Life-span (days) 
(number/5 cm2) M 5 n 
0 
1- 2 
4 - 10 
25- 50 
75-150 
56 .8 
4 1 . 1 
26 .8 
2 7 . 5 
2 7 . 1 
13 .1 
13.7 
14.0 
19 
37 
5 1 
16 
CUMULATIVE 
NUMBER OF 
EGGS PRODUCED 
NUMBER OF 
PREY EGGS 
PER ARENA ( 5CM2) 
Fig. 14. 
100 
TIME (DAYS! 
*etaSeiulusZ^ZVll'T^l d S n S i t y °n t h e "*~ti.l ^cundity of identalzs. (Data from Küchlein, to be published) 
al. (1978) similarly found thai- i->,«> 
PtVtoseiulus
 Persimilis h a d ^ Tl^T^ " ^ ^ °f f e m a l 6 S ^ 
on a diet of honey. »untamed after being reared for 35 days 
- Reproduction stops after deposition „f 
unfavourable conditions delay III I * S P S C l f i e d n u m b e^ °* "M", if 
on the resulting sub-optimal l e v e l I t u T h ^ " ^ ^ ^ " ^ ^ 
the critical age of
 50 days is fecundity is realized or until 
the rate of reproduction at t h e ^ r ^ ' S i t U a t i ° n S t h e"fore occur in whic! 
female is larger under «,,K / ° ** (bUt * 5° d a y s ) a 9 e s of the predatory 
under sub-optimal conditions than under optimal conditions 
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Table 24. The influence of the starvation history on subsequent fecundity 
of four phytoseiid species. 
Species Starvation history 
temper- food 
ature deprivation0 
(°C) period (days) water 
Net fecundity 
presence |j 
of 
Phytoseiulus 
persimilis 
20 
30 
5 
7 
10 
20 
2 
no 
no 
yes 
yes 
no 
66.4 
62.4 
69.6 
66.4 
60.1 
11.8 
14.2 
15.4 
13.7 
9.4 
20 
18 
26 
16 
12 
Amblyseius 
potentillae 
Amblyseius 
bibens 
Netaseiulus 
occidentalis 
20 
20 
20 
28.2 8.1 18 
no 
54.2 10.0 18 
40.8 11.4 18 
a. Food deprivation was begun after deposition of 1-3 eggs per female. 
at the same age. Examples of this phenomenon are the rate of reproduction 
of Amblyseius bibens at low temperatures (Fig. 15), that of Metaseiulus 
occidentalis at low prey densities (Fig. 14) and that of the same species 
at unfavourable predator densities (Küchlein, 1966). 
Just before reaching the specified level of egg production a decline in 
the rate of oviposition takes place. Consequently the rate of reproduction 
is not related to the female age in a fixed way, but depends on the ovipo-
sition history, which becomes relevant after a major part of the eggs has 
been deposited. For this reason it makes more sense to study the interre-
lations between the availability of prey, on the one hand, and the search-
ing behaviour and conversion physiology on the other, hand (Chapter 3), than 
to establish age-related reproduction curves under all kinds of conditions. 
The reproduction curves presented here only serve to validate concepts of 
the underlying processes (Section 3.1 and Subsection 3.3.5), rather than to 
be used directly in the population models. However, the data of the poten-
tial fecundity are actually used in these models to specify the maximum egg 
deposit per phytoseiid female. 
The data concerning the life span measured at favourable feeding condi-
tions are remodelled before use in simulation. The maximum life span is 
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CUMULATIVE 
NUMBER OF 
EGGS PER FEMALE 
70 -, 
T=22°C 
Fig. 
TIME (DAYS) 
IS. Cumulative number of eggs produced per living female of Ambly 
ns at differ^ r.1- t ™ ^ „ ^ , seiu* hi* S
 6ggS p r o d u c e d
 Per living female of AmbH 
at
 T 2 9
a t
2
d
5
l f T n t temPerStUre l6VelS « * f ° r - P l e f00d ° ^ T - 29, 25 and 22°C are obtained from Blommers (1976). 
Zti7Tl°l "'t m e a n llfe SPan- ThlS t i m e SP- is obtained via a least-
squares estimate of the 97-QQ»/ T^ -;»,*. *• 
of life
 snan, m *«. . °
 a cumulative frequency distribution 
From this iL °n Pr0babilit^ P«P« of the Gaussian distribution. 
for t^nag d a l 6 q U a t l ° n ^ " ^ " * °f ™ ^ can be estimated 
— fZ ^ ^ ^ C X ^ " "" "*" ^  ^ " ^  
ical effects of th. * Population growth (Part 2), that the numer-
u s reason the ^ I T ^ * ^«dency could be neglected as well. For 
available survival and ^  " ^ ^ S m°° t h e d b* repeated simulation of the 
fit was found.
 The fit^CLT^"1^8 ^ ^ a C œ P t a b l 6 ° V e r a U 
dependency on the relative a . g i V 6 n ln T a b l e 25- They show a clear 
span). S age (l-e- the age relative to the maximum life 
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Table 25. The smoothed es t imates of the r e l a t i v e r a t e of mor t a l i t y (day - ) 
of four phy tose i id species in r e l a t i o n to the age c l a s s of the adu l t female. 
Species Female age c l a s s a 
1 2 3 4 5 6 7 8 9 10 
Phutoseiulus 0.004 0.009 0.017 0.042 0.053 0.108 0.170 0.220 0.220 0.320 
persimilis 
Amblyrseius 0.006 0.010 0.019 0.038 0.064 0.090 0.150 0.190 0.230 0.320 
potentillae 
Amblyseius 0.004 0.008 0.020 0.035 0.071 0.094 0.140 0.220 0.280 0.420 
bibens 
Metaseiulus 0.008 0.014 0.014 0.029 0.032 0.042 0.073 0.083 0.112 0.250 
occidentalis 
a. See Table 27. 
Table 26. The effect of prey supply on the relative rate of female mortality 
(day-1) of Metaseiulus occidentalis.T = 27°C; relative humidity = 60-80%. 
Source: Küchlein (to be published). 
Prey density Female age class 
(number of eggs — ~~ 
p e r 5 cm2 l e a f ) 1 2 3 4 5 6 7 8 9 10 
1 - 2 0 0 0.010 0.010 0.010 0.010 0.018 0.021 0.026 0.030 
4- 10 0 0.004 0.004 0.014 0.014 0.016 0.040 0.050 0.149 0.209 
25-150 0.004 0.013 0.017 0.026 0.042 0.043 0.088 0.098 0.101 0.153 
a. See Table 27. 
Table 27. Smoothed estimates of the duration of an age class in relation 
to temperature. 
Temperature Duration 
(°C) of an age class (days) 
15 9.0 
20 7.0 
25 6.0 
30 4.5 
35 3.3 
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The effect of the prey supply on survival is incorporated in the popula-
tion model by appropriate modification of the relative rate of- mortality, 
for which the residence time per age class is held constant. By modelling 
in this way a low prey supply only causes additional mortality, while the 
survivors are not affected in any way by their feeding history. The obser-
vations on the recovery of starvation (Table 24 and Section 3.1) support 
this approach. Data on the relative rate of mortality are given in Table 
26, but only for the case of Metaseiulvs occidentalis at 27°C. In the sim-
ulations of population growth these data were extrapolated to other temper-
ature levels and used for the four phytoseiid species. 
2.2.4 Prédation capacity 
The reproducing female determines the prédation capacity of the four 
Phytoseiidae in this study: developmental time is short compared to the 
oviposition period, the sex ratio favours females, and their food intake iE 
considerable because the mean egg biomass produced per day is high compared 
to the body weight of a mature female. Therefore, the young ovipositing 
female was chosen for the detailed study of the predatory behaviour of the 
four Phytoseiidae. To support this choice with quantitative arguments the 
prédation capacity of an individual predator over its whole life span is 
estimated and the contribution of the reproducing female to this capacity 
is assessed. Such an estimate can be obtained by taking 'snapshots' of the 
rate of prédation while development and ageing proceeds, and by integrate 
the rate of prédation multiplied by the fraction of surviving predators 
over the phytoseiid life span. 
The measurements of stage-specific prédation are presented in Fig. 16. 
Except for those of Metaseiulus occidentalis the larvae were not predacious 
as confirmed by direct observation of the larval behaviour. The nymphs, 
males and postposition females were much less voracious than the young 
d 3 T r f e m a l e S- S i m U l t a n e o U S measurements of the reproduction rate in-
for l i t 7Proximately 70% of the biomass of prey killed is utilized 
17ns I T , e g g P r 0 d U C t i 0 n ; f ° r e x a " ^ < a female of Pnytoseiulus persi-
« 2 » consumed 6.6 eggs per egg deposited, which corresponds to the resul« 
of 10 TsZa T al' < 1 9 7 8 > m S a S U r e d a t d i f f S r e n t temperatures in the range 
g and the' T t h e f ° 0 d C O n t e n t ° f a P r e y e ^ w e i * s approximately 1 
to w x L " T°SeiUlUS W 6 i g h S 4' 7 "*' t h e utilization ratio eguals to n/0. Thus a rouqh estimate r,f i-v, 
whole oviposition period can
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•<••£) and that i t may die from some abiotic 
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(PREY EGGS DAY"1) 
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22H 
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7H 
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»
 A
» 
g d* ç d1 
E L PN DN AM PF AF1 AF2 
PREDATOR STAGE 
Fig. 16. Stage specific rates of prédation of three phytoseiid species for 
T = 20°C and RH = 75%. o, Phytoseiulus persimilis; • , Ambluseius bibens; 
A, Netaseiulus occidentalis. Prey egg density = 30-60 eggs/cm*; webbed area 
4-11 cm2; number of replicates = 20-30. E, egg; L, larva; PN, protonymph; 
DN, deutonymph; AM, adult male; PF, preoviposition female; AFI, oviposition 
female; AF2, postoviposition female. 
cause (Subsections 2.2.1 and 2.2.3), a crude estimate of the prédation 
capacity of an individual predator can be made for each phytoseiid species. 
The following overall prédation capacities (on eggs and larvae) were found: 
- Phytoseiulus persimilis about 550 prey items each of 1 pg 
- Ambluseius bibens about 200 prey items each of 1 M9 
- Ambluseius potentillae about 150 prey items each of 1 pg 
- Metaseiulus occidentalis about 100 prey items each of 1 pg. 
The prédation capacity depends on the size of the phytoseiid species: a 
larger species produces larger eggs and, thus, requires more food for egg 
growth etc. This is only modified by interspecific differences in fecundity 
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Fig. 17. Weight decrease during the starvation of four phytoseiid species, 
starting with young well-fed females in the initial phase of their oviposi-
tion period. T = 20°c and RH = 60-80%. o, Phytoseiulus persixilis; ., Amblr 
setus
 blbens; + w^to, p o t e n t i l l a e ; ki Metaseiulus o c c i d e n t a l i s ; 
dry-weight levels;! , standard deviation (n = 20). 
" L 7 beain°' " 1S d e m ° n S t r a t e d b* « - Prédation capacity of Mtlyseius 
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2. 2. 5 Starvation and survival 
After depletion of their food source Phytoseiidae are able to survive 
for some time. When well-fed young females were placed in a Munger cage 
without any food or water, oviposition initially continued utilizing the 
food ingested before the start of the experiment, but it ceases within 1 
day after one or - less frequently - two eggs had been deposited. Because 
the weight of an egg corresponds to 20% of the mature female weight, the 
initial weight decline was very steep, as illustrated by the electrobalance 
measurements of the female weight during food deprivation (Fig. 17). After 
egg deposition had ceased, the weight decreased steadily, but much more 
slowly. Some of the predators were able to withstand severe dehydration. 
Their body weight approached dry weight, but they did not die. As discussed 
in Subsection 2.2.3, these starving females are able to recover and subse-
quently oviposit as well as they did before starvation. The rates of sur-
vival during these and other starvation experiments are summarized in Table 
28 as the 90, 50 and 5% points of the survival curve. Larvae develop into 
protonymphs without any food, but after this moult they require food to de-
velop into the next nymphal stage. 
Two factors are very important with respect to the rate of survival. 
First, dehydration is enhanced by an increase of temperature. Second, high 
humidity and drinking water enables prolonged survival. The role of both 
factors is demonstrated in Table 28 using additional data from the litera-
ture. Because in rose culture the mean temperature is about 20°C and because 
water spraying takes place frequently, it may be expected that Phytoseiidae 
are able to survive for 2-3 weeks after the extermination of their prey and 
in the absence of alternative, non-tetranychid food supply. 
Whether non-tetranychid food sources provide a means to survive during a 
longer period in the greenhouse culture of ornamental roses, will be treated 
in the remaining subsections of this chapter. 
2
- 2. 6 Cannibalism 
When other food resources are lacking, the adult female and occasionally 
the nymphal stages of the Phytoseiidae are reported to feed on their own 
young, mainly eggs and larvae. The tendency towards cannibalism may differ 
from species to species and even from population to population. Croft & 
McMurtry (1972) observed cannibalism among four strains of Metaseiulus occi-
dentalis originating from different parts of the U.S.A. They found signifi-
cant differences in the extent of the cannibalistic behaviour. Laing (1969) 
reported that when several of each stage of Metaseiulus were placed together 
in a cell, the adults fed on immature stages, but not on each other. He also 
observed that nymphs of Metaseiulus could be reared to maturity on eggs and 
larvae of the same species. However the resultant adults laid only few eggs 
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and had shorter life spans. In the strain of Metaseiulus occidentalis reared 
by Küchlein, only very occasionally did hungry females succeed in piercing 
the egg chorion. This corresponds with observations by Bravenboer (1959). 
Amblyseius bibens may be compared with Metaseiulus occidentalis in this re-
spect. According to our own observations Amblyseius potentillae becomes 
cannibalistic to some extent after 1-2 days of food deprivation at T = 20°C. 
It may then feed primarily on eggs and larvae. 
Dosse (1958) was first to report cannibalism in Phytoseiulus persimilis. 
The extent of cannibalism is relatively high in this species: 12 hours of 
food deprivation at T = 20°C induced cannibalism of eggs; longer periods 
led to feeding on the larval and nymphal stages. In a starvation experiment 
with only an initial supply of 30 fresh predator eggs, the longevity of 
female Phytoseiulus persimilis did not exceed the mean value measured in 
presence of free water in any of the 20 replicates. As expected, the well-
fed females deposited one or two eggs during the first day, but only occa-
sionally did egg deposition occur during the next two days. After 3-4 days 
most of the eggs had hatched. During the subsequent period the water and 
food content of the larvae and nymphs decreased exponentially with time, 
until death, as shown for example in Fig. 17. Therefore the food supply 
decreased drastically during the experiment. 
Because the acarine predator-prey interaction frequently leads to rapid 
local extermination of the prey, the above experiment represents a fairly 
realistic situation and it may therefore be concluded that in the long run 
the effect of cannibalism on female longevity does not exceed the effect of 
water supply. Under the present glasshouse conditions it is reasonable to 
assume the continuous availability of free water, which thus determines the 
Predator capacity to survive irrespective of cannibalism. However, under 
dry conditions cannibalism may provide a means for the strongest individuals 
to survive for some time, when no other food items are available. 
Cannibalistic behaviour may be favoured by natural selection, when diffe-
rent generations of the predator are confronted at times with temporary food 
scarcity. Such a situation can be induced by a high predatory and reproduc-
tive capacity of the phytoseiid itself. It will be shown in Part 2 that the 
capacity of Phytoseiidae indeed leads to local extermination of prey clus-
ters. If neither alternative food nor water sources are available, canniba-
iism can be expected. It is not surprising, therefore, that especially 
Phytoseiulus persimilis is the most cannibalistic of the species studied 
here, for the individual weight and the voracity of this species are rela-
tively high and, as will be discussed in Subsection 2.2.7, this predator 
feeds itself exclusively with Tetranychidae. 
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2.2.7 Alternative food supply 
The Phytoseiidae contain many diverse forms with respect to their feeding 
habits (McMurtry et al., 1970). Some species seem to be specialized preda-
tors of Tetranychidae and show no tendency to reproduce on other types of 
food. Phutoseiulus persimilis is such a species. Although the other species 
studied could certainly be ranked as specialized predators of Tetranychidae, 
their dietary range is not restricted to this kind of prey, but includes 
other plant-inhabiting mites, young stages of various insects and some non-
animal foods, like pollens and fungi. A brief review of the literature il-
lustrates the interspecific differences of a number of Phytoseiidae: 
- Phutoseiulus persimilis is very dependent on the availability of Tetra-
nychidae (Dosse, 1958; Chant, 1961; Ashihara et al., 1978). According to 
Mori & Chant (1966) the addition of nutritive substances such as sucrose, 
glucose, pollen, honey and fish meals of various kinds to the drinking water 
did not significantly increase longevity compared to the effect of water 
drinking alone. Ashihara et al. (1978) also demonstrated, that Phutoseiulus 
persimilis did not reproduce on honey or pollen (strawberry, castor, red 
pine), but mean adult longevity was increased to 45 days by nutritional sub-
stances such as fresh honey or a 10% sucrose solution, as compared to 12 
days with only water available. Laing (1968) reports that strawberry pollen 
did not promote longevity or development of Phutoseiulus, compared to spe-
cimens kept without food. Similarly, McMurtry (1977) found that pollen of 
Hymenocyclus croceus was not an acceptable food for this species, in con-
trast to some other Phytoseiidae. 
- Metaseiulus occidentals has been observed to feed, develop and repro-
duce on tarsonemids (Huffaker
 & Kennett, 1956; Flaherty, 1967), tydeiids 
(Flaherty
 & Hoy, 1971), Brevipalpus phoenicis, thrips and some crawler spe-
cies (swirski * Dorzia, 1969). According to Flaherty
 & Hoy (1971), Metasei-
folia7 T. C ° U l d n 0 t r S a C h a d U l t h ° 0 d °n C a t ^ Pollen (rupha lati-
197 J i n 1 8 " i m P ° r t a n t f ° 0 d f ° r *»"*">*» -^sci (Kennett et al., 
büonlv wh T T ( 1 9 6 8 ) r e P ° r t e d f e S d i n g °n t h l S P ° l l e n »? t h e ad«ltS< ut only en etranychidae were absent 
predator LllT r * ^ ^ P ° U e n S t e S t e d as f o o d f°r t h i s 
O en! ieTthe p0redSa°tmoerriiOMCeae "* '"**"*"• ™ " ™» «" " " 
the best food substTt'te M a s T ^ ^ m a l n t a i n " » " * " * * « • Pollen was 
len could be c o n t i n t ' T °* °f t M S P r e d a t 0 r delusively on pol-
- ^lyseius po e,! ./e i T l ^ ' " " ^ "»» * * « • 
Aculus
 S P P . in the e X D e r * * " * "*«*««» "adily on apple pollen and 
ting are the expTrJT ? ^ ^ " ^ ^ <1971>" Specially interes-
^llphoraZsZnZT M C M U r t r y ( 1 9 7 7 ) ' W h i C h l n d i c a t e d t h - P ° " - °f 
For a diet of only ^ 1 ^ ^ " ^ ^ ° f « » " « ^ e s was present, 
only pollen, he found a lower rate of reproduction (about 
68 
two-thirds the normal rate) and a longer preoviposition period than for only 
Tetranychidae. 
Not all pollens are accepted as food by Phytoseiidae. For example, cotton 
pollen was rejected as food by Metaseiulus occidentalis (Swirski & Dorzia, 
1976) and Amblyseius bibens (Blommers, 1976), possibly because of its size 
(75-100 |jm) (Kennett et al., 1979). In many other cases it is presumed that 
the negative responses to certain pollens are related to the chemical or 
physical nature of their waxy or resinous exine (Kennett et al., 1979). 
Several authors state that honeydew can merely serve to promote survival, 
but allows little reproduction (Huffaker & Kennett, 1956; Chant & Fleschner, 
32 
1960; McMurtry & Scriven, 1964, 1965). In an experiment in which a P solu-
tion was mixed with bee honey and offered as droplets to hungry young females 
32 
of the phytoseiid species in hunger cages, the degree of P ingestion was 
measured with the aid of- the Cherenkov-method. The results indicated that 
Amblyseius potentillae was far more able to ingest the honey (500-2000 counts 
per minute) than the other species, even when these were starved for long 
periods (Amblyseius bibens 100-200 counts per minute; Metaseiulus occiden-
talis 50-100 counts per minute; Phytoseiulus persimilis 0-50 counts per 
minute). 
From the review of the literature the degree of specialism on tetranychid 
Prey can be derived using the preference for the different pollens relative 
to tetranychid prey as a criterion. As stated before, Phytoseiulus persimi-
lis is highly specialized on tetranychid prey, which is also true for Meta-
seiulus occidentalis and Amblyseius bibens but especially the latter species 
is able to rely on non-animal food when tetranychids are absent. Amblyseius 
Potentillae, however, seems to accept both pollen and tetranychids when of-
fered simultaneously. The original criterion thus leads to a sequence that 
corresponds with that obtained from the 32P ingestion experiments. 
The short survey above indicates differences in the dietary range that 
may be important for their survival and reproduction in a natural habitat. 
It may be important too in the greenhouse culture of ornamental roses, but 
the hairless rose-leaves are less suitable as pollen gathering centres and, 
besides, other plant feeding arthropod or honeydew are absent and/or unde-
sirable, it was therefore presumed, that under the greenhouse conditions to 
be investigated, the effects of an alternative food supply will not exceed 
that of simple water supply to an important extent. This presumption was 
confirmed by release experiments with the four phytoseiid species. Fifty 
young ovipositing females were released on a group of five potted rose 
bushes upon which 1-2 gram of fresh Vicia pollens had been scattered. The 
roses were sprayed daily with water. The rate of survival was measured in 
two ways: by direct inspection of the leaves; and, if this method indicated 
!ow numbers of predators, by inspecting mite infested bean leaflets 10 hours 
after being pinned on to the rose leaves (10 leaflets per bush). If both 
checks rendered negative results, the predators were assumed to be absent. 
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Table 29. Survival of young phytoseiid females of four species on rose 
bushes scattered with pollen. T = 17-22°C; relative humidity = 60-80%. 
Species Number of predators found 
by direct inspection of 
leaves 
Number of predators found 
by trapping in mite colonies 
on bean leaves pinned onto the 
rose leaves 
Number of days after release Number of days after rele 
10 15 21 29 29 
Phytoseiulus 
persimilis 
Amblyseius 
potentillae 
Amblyseius 
bibens 
Metaseiulus 
occidentalis 
21 
33 
43 
45 
13 
27 
36 
29 
2 
6 
8 
3 
0 
0 
0 
0 
0 
0 
1 
0 
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3 Prédation, reproduction and residence time 
in a prey colony 
As argued in Chapter 2 the prédation capacity of phytoseiid predators is 
largely determined by the high rate of food conversion during the oviposi-
tion period; under favourable conditions phytoseiid females are able to pro-
duce an egg biomass per day equal to their own weight. The rate of repro-
duction will therefore depend on the searching efficiency of the predator 
and the availability of the prey. It was outlined, moreover, that previous 
reproductive success (i.e. the number of eggs already deposited) is more 
important in determining future reproductive food demands than ageing. 
Apparently, among Phytoseiidae there is a tendency to deposit a specified 
number of eggs. Because the availability of prey is not uniformly distri-
buted in space, the food demands of the ovipositing female may lead to 
moving from colony to colony in search of a satisfactory supply of prey and 
a minimized level of interference with other conspecific females. 
The availability of the two-spotted spider mite is restricted to the 
plant area covered by webbing. The webbed area is generally situated at the 
lower side of the leaves and is arbitrarily subdivided in units surrounded 
by uncolonized parts of the leaf. These so called colonies attain their 
maximal size when the underside of the leaf is completely webbed. 
During the residence of the predator in a certain colony, prey consump-
tion will lessen the local supply of prey until the predator leaves the 
colony, because of the lower level of prey availability. In search of new 
Prey colonies, the predators tend to aggregate at colonies with high prey 
supply, but this aggregative response may be counteracted by mutual inter-
ference among the predators, which enhances the tendency to disperse from 
the colony, independent of the local prey supply. Moreover, mutual interfe-
rence can lead to a decreased rate of reproduction, as shown by Küchlein 
(1966). 
In this chapter the relation between on the one hand prey and predator 
density in the colony and, on the other, the rate of prédation, reproduction 
and departure is analysed. This analysis is confined to the level of a fe-
male predator foraging in a colony of spider mites. Those aspects of forag-
ing behaviour that take place after departure from a colony are treated in 
Part 2 of this Agricultural Research Report, as well as the aspects concern-
ing population growth. 
The analysis is carried out by validation of conceptual models of preda-
tory behaviour. A prédation model is constructed that is based on random 
searching periods between successive encounters with prey items and on a 
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relation between the motivational state of the predators (Section 3.1) and 
the prey density related rate of successful capture (Section 3.2). The in-
dicator of the motivational state of the predator is chosen to be the food 
content of its gut. According to Akimov & Starovir (1978) the gut walls of 
phytoseiids are markedly extensible, compared to other gamasids. Neverthe-
less there has to be a maximum load, whether this is caused by a limited 
extensibility of the body or gut walls, or by a negative feedback to feed-
ing via gut or body wall stretch receptors, as found in Phormia regina by 
Gelperin (1971) and Beizer (1979). Because ingestion, maximal gut content 
and gut emptying may be quantified by use of the electrobalance, the food 
content of the gut can be related to behavioural components by observation 
of the predatory behaviour and simultaneous calculation of the amount of 
food present in the gut. 
The behavioural components needed to calculate the rate of encounter at 
any level of the motivational state and prey density are as follows: 
- width of the searching path (cm) 
- distance of prey detection (cm) 
- walking speed (cm/s) 
- walking pattern 
- walking activity (%) 
- coincidence between prey and predator in the webbed space 
- success ratio (%) 
-handling and feeding time (s). 
behaviour10118 b e t W e e n t h S m 0 t i v a t i o n a l -täte of the predator and these 
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Apart from fundamental ecological interest in analyzing the foraging be-
haviour, there are more reasons to undertake a detailed component analysis 
instead of direct measurement of the resulting rate of prédation. Extrapo-
lation of the measured prey consumption to the population level is only 
allowed if the motivation of the predator is in a steady state during these 
measurements of the rate of prédation, as well as during population growth 
of predator and prey. Rabbinge (1976) solved the first problem by allowing 
the predator to adapt its motivational state to a constant prey density be-
fore measurement of the rate of prédation. Prey density was kept constant 
by replacement of the prey captured (or died from other causes) at 15 min 
intervals. However prey replacement is essentially impossible in the webbed 
colony, because mite transfer with the aid of a brush can damage the web 
structure and can disturb the predator being sensitive to movements of the 
web. Numerical simulation of the prédation on the basis of a component ana-
lysis may provide a means to keep track of a changing prey density and to 
estimate prédation at constant prey density. With respect to the extrapola-
tion of prédation measurements to the level of population growth - the 
second problem - Rabbinge (1976) assumed instantaneous equilibration of the 
phytoseiid motivation to any change in prey density. This assumption is 
tested in Part 2 of this Agricultural Research Report by using a simulation 
model of population growth and dispersal of prey and predator that can ac-
count for non-steady states of the motivation. 
Finally, the component analysis was undertaken to study the role of web-
bing in the acarine predator-prey interaction. In most of the reported ex-
periments webbing was either not included or it was distributed in an unrea-
listic way due to the flat and artificial substrates (paper, plastic) or 
due to the stage of the prey, which produced a web different from that of 
the adult female. Although female-produced webbing has a very chaotic struc-
ture, it can be considered as a coherent unit (Figure 8), which should be 
distinguished from the uncolonized parts of the leaf in acarine predator-
Prey studies. 
Actually some unexpected types of functional response of phytoseiid 
Predators to the density of their prey were attributed "to clumped distribu-
tions of webbing in space (Mori, 1969; Fransz, 1974). Other deviating forms 
°f the functional response were attributed to disturbance of feeding preda-
tors by active prey, resulting in an attack on the interfering prey, that 
bumped into it (Sandness & McMurtry, 1972), or attributed to contact distur-
bance, decreasing the number of successful captures (Mori & Chant, 1966). 
Küchlein (to be published) found a second rise of the functional response 
°f Metaseiulus occidentalis at high prey egg densities. Probably this pheno-
menon was not related to the food satiation level of the predator, but rath-
er to a contact stimulus. However it may be questioned whether the above 
behavioural factors operate in the webbed area. Preliminary observations 
indicated that both predator and prey were less active in the prey colonies 
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and disturbance of the predator was rarely observed. Furthermore, webbing 
may change prédation simply by surface enlargement or by inducing specific 
changes in the predatory behaviour, as discussed in Subsection 2.1.6. There-
fore detailed observation of prédation was preferred. 
3.1 DYNAMICS OF THE MOTIVATIONAL STATE 
By assuming the food content of the gut to be the main indicator of the 
motivational state of the predator, the dynamics of the predatory motivation 
can be simulated by integration of the rate of ingestion (Subsection 3.3.1) 
and the rate of gut emptying (Subsection 3.1.2). This simple concept allows 
the calculation of the motivational state during observation of the preda-
tory behaviour, so that predatory motivation and behavioural components can 
be related to each other (Section 3.2). These relations are used in turn in 
the prédation models to calculate the rate of prédation (Section 3.3). 
Validation of this type of prédation models did not result in a rejection 
of the concept (Holling, 1966; Nakamura, 1974; Fransz, 1974). However the 
postulaten of one intervening variable, indicating the hunger drive, may 
too simple a hypothesis to account for all hunger related behaviour. For 
example it may be questioned, whether the motivational state adapts itself 
instantaneously to a change in the food content of the gut. m other words 
wheth3 " f a l n l e Vel ° f 9 U t f i l l i n g i n d U œ t h e s a m e -arching behaviour, 
lara^ T a C h l e V e d V i S i n g e S t i o n o r S»t emptying starting from low or 
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eggs, they were ready for experimentation. Subsequently, whenever these 
predators were deprived of food, care was taken to use only satiated preda-
tors by sampling them immediately after an actual feeding period. Next they 
were put individually in Munger cages (Figure 10) for different time inter-
vals and at different temperatures, depending on the particular purpose of 
the experiment. Unless stated otherwise, the female predators never exceeded 
the age of 10 days as an adult. 
3.1.1 Ingestion 
After a successful capture the predator starts ingesting the prey content, 
the movements of the ingested fluid being visible through its transparant 
body wall. Presumably praedigestive fluids are injected for extra-intestinal 
digestion (Akimov & Starovir, 1975). The amount of food ingested depends on 
the following factors: 
- the amount of food that can be ingested by one or more predators from a 
single prey stage (the ingestable food content of the prey) 
- the suction force in relation to the phytoseiid species involved and the 
fluidity of the food (the ingestion constant) 
- the difference between the maximum food content and the actual food con-
tent of the gut of the predator (the satiation deficit of the gut) 
- the sum of the periods in which the mouth parts of the predator are in-
truding the body of the prey (the feeding time, Subsection 3.2.8). 
As a first approximation of the ingestable food content of the prey one 
Table 30. The ingestable food content of the developmental stages of 
Tetranychus urticae. 
Prey stage Weight increase (ug) after feeding 
Metaseiulus Amblyseius Phytoseiulus 
occidentalis potentillae persimilis 
Fresh weight minus 
dry weight3 
e99 1.0 0.2 30 
larva !.1
 0.2 24 
Protonymph -
deutonymph? 2.9 0.2 16 
raale _ _ 
female 2.8 0.4 18 
1.1 0.2 12 
2.3 0.3 14 
5.1 0.3 30 
2.5 0.2 27 
4.9 0.4 16 
7.3 0.5 21 
2.4 0.3 17 
7.8 0.5 29 
According to the data of Mitchell (1973). 
0.8 
1.3 
2.7 
8.6 
2.7 
17.9 
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could measure the difference between the fresh and the dry weights of the 
different prey stages. These estimations can be obtained from the work of 
Mitchell (1973). A more precise method is to compare the weights of an ini-
tially hungry predator (2 days starvation at T = 20°C) before and after 
feeding on a certain prey stage. The results of both types of measurements 
are given in Table 30, which shows correspondence only with respect to the 
small prey stages. Because the amount of food ingested from the adult female 
prey increased with the body size of the phytoseiid species, one may suppose 
the ingestable food content of this stage to be much higher. In an experi-
ment with females of Phytoseiulus persimilis and Tetranychus urticae the 
total weight of food consumed by three hungry predators from one single 
prey amounted to 16.6 ug, which result closely approximates the estimate 
based on the difference between the fresh and dry weight of the prey. Appa-
rently the amount of food in the female prey exceeds the maximal food con-
tent of the phytoseiid gut. It can therefore be concluded, that the ingest-
able prey content per single predator is limited by both prey size and gut 
size 
In another series of experiments ingestion was measured in relation to 
feeding time. By interruption of feeding after fixed time intervals the 
amount of food ingested by a hungry predator can be monitored with the aid 
of the following methods. The first method is to measure the weight of the 
predator before and after a predetermined feeding period. However this 
method is not reliable, when the weight differences are below 0.5
 M , as 
e.g. m the egg stage. In that case another method was applied using 32P-
abelled prey. The spider mites were labelled by feeding during 12 hours on 
a bean leaf, previously put with its stem in a 32P solution (1 mCi) for 1 
ay. Radioactive eggs were obtained from radioactive females. The labelled 
P ey was offered to an unlabeled female predator, being deprived of food 
a m o i,n/T at-T = 2°°C S l n C e satiation- Fransz (1974) assumed, that the 
HowevL°f r 1 0 a C t i V i t Y l n t h S P r S y W a S P«»°rtional to its food content, 
prir L /U1th0r'S eXperiments Seated such a high variability among 
7Jt thi °f e X a C t l Y t h e S a m e S g e a n d l a b e l l e d °n the same bean leaf 
TeZoTslTTr 1S i 3 n 2 V a l i d - T h l S variability may be due to the unhomo-
121Z acti^t T °f P l n t h S l e a f °r t 0 i n d i v i d ^ differences in 
a^ened Prev * " ^ ^ " ^ t h e ^ t i o n experiments with 32P £Z^*r^zz ?rr?'when the r — ^ — * 
Present in the i nd l J
 e y ITZ ° ' ^ ^ » * " « * * * ***«? 
were brought into « r 6 a S O n t h e exPl°iter and its victim 
subsets ; r : isSr:;1"3 after a — * * * * * —*• 
were dissolved il
 1 0"l w ^ ZeT^ V & ^ ^ " * ^ " ^ 
counter, which dir^io S W 6 r e b r o u 9 h t into a radioactivity 
or „.. ' _ d l r S C t l y r e g i S t e" the ß-radiation emitt.n^ „f 32p ^ meanS of the Cherenkov me hod Th« V P-^aaiation emittance of ^P by mear 
counted during lo XlÎ' ** ^ ^ b y t h e " * -lecules were 
ng minutes and next corrected for the mean number of count 
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registrated in vials containing only water. The proportion of the total 
radioactivity ingested by the predator can be computed from these counts 
and this indicates the level of ingestion. The shapes of the ingestion 
curves obtained by the above methods were invariably of the saturation type. 
Therefore the following formula was adequate for description of the fraction 
ingested relative to maximal (i.e. uninterrupted) ingestion: 
Fraction ingested = 1 -
 e~
RRFI
 '
 t i m e 
RRFI = relative rate of food intake (time- ) 
In this formula RRFI represents the resultant of the suction force (or 
ingestion constant) of the predator and the viscosity of the prey content. 
The value of this ingestion constant can be estimated from the slope of the 
linear regression of ln(l-FI) on time. These estimates are given in Table 
31. Apparently the ingestion constants do not differ very much between the 
species studied. However, one exception must be noted in case of Amblyseius 
potentillae attempting to ingest the content of the tetranychid egg. For 
some reason this predator has difficulties in puncturing the egg chorion, 
as suggested by direct observation of the predatory behaviour. Küchlein 
(personal communication) measured a much lower rate of reproduction of this 
predator: if eggs of Tetranychus urticae in stead of larvae were offered 
as prey. This result corresponds with the measurements of ingestion that 
indicated no absolute barrier to ingestion, but some hindrance when compar-
Table 31. The ingestion constants RRFI (min" ) of four phytoseiid species 
in relation to the stage of the prey. 
Predator Egg Larva Proto- Deuto- Male Female 
species nymph nymph ? 
p n p n M n M n M n M n 
Metaseiulus 1.9 27 1.1 10 - 0.11 10 0.7 12 0.07 18 
°ccidentalis 
Atälyseius 1.8 1 2 - - - - - " " " " 
bibens 
Anblyseius 0.2 52 0.8 9 0.6 26 0.3 14 0.4 21 0.15 24 
Potentillae 
Phytoseiulus 1.8 38 - - 0.9 37 0.4 30 - 0.05 11 
Persimilis 
NB- The correlation coefficients vary between 0.84 and 0.91; the intercepts 
are not tabulated as they are close to zero. 
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ed with the other phytoseiid species. Another conclusion can be drawn from 
the measurements in Table 31 with respect to the effect of the prey stage 
on the ability to ingest its content; the more development proceeds, the 
more difficult it is for the predator to suck the prey content. This may be 
caused by the internal structure of the body being very compartimentalized 
in the adult female phase. Another explanation may be found in relation to 
the time required for extra-intestinal digestion of solid structures. De-
spite these differences in the measured ingestion constants it can be stated, 
that 90% of the overall ingestion per prey takes place during the initial 
20% of the prey stage specific feeding times of the different predator spe-
cies (Subsection 3.2.8). Because the feeding times are rather short and, 
therefore, also the period needed for 90% food intake, it is not far from 
reality to consider the ingestion process as an immediate swallowing of the 
food content of the prey. This concept is a prerequisite for the queueing 
approach of the prédation process, to be discussed in Subsection 3.3.1. 
Several times observations indicated, that even small prey were not 
consumed completely, as also reported by Lee & Davis (1968), Fransz (1974) 
and Rabbinge (1976). Rabbinge presented indirect evidence for this phenome-
non. By assuming that ingestion by the predator equals its gut emptying on 
the average at a constant prey density, he estimated the prey-utilization 
from this equation after measurement of the rate of prédation and gut empty-
ing. These indirect estimations pointed to the importance of partial inges-
tion of the prey content. Direct proof was given by the following experi-
ments, using the electrobalance. Females of PHytoseiulus persimilis were 
Til ° f 0 ° d f ° r d l f f e r e n t p e r i o d s s t-ting from full satiation and 
subsequently a female of Tetranyctus urtiaae was offered as prey. The dif-
ference m the weight of the predator before and after feeding were measured 
with the electrobalance and the results are plotted in Fig. 18. A similar 
INGESTION (jug ) 
9n 
i i 1 1 
2U 28 32 36 40 U i.8 
TIME OF FOOD DEPRIVATION ( HOURS ; 
'iii^'fromlemaleVof ^ / T ^ ^ ^ feMl«» <* ^"seiulus
 Per-
deprivation (T =
 2 "c i ± ^ ^ U r t i c a e a "e r different periods of food 
\L ^ C ) . l = standard deviation. 
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FRACTION 
OF P-LABELED EGG 
INGESTED 
1.0- txt II«: r 
0.5-
r 1 1 1 
0 1 2 A 6 
TIME OF FOOD 
DEPRIVATION (HOUR) 
32 Fig. 19. Proportion of radioactivity ingested from a P-labelled egg of 
Tetranychus urticae by individual young females of Metaseiulus occidentales 
after different periods of food deprivation (T = 20°C). 
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experiment was done with females of Metaseiulus occidentalis and P-label-
led eggs of Tetranychus urticae (Fig. 19). Both experiments demonstrate the 
occurrence of partial ingestion. Moreover the shape of the ingestion curve 
is of the saturation type instead of sigmoid, which suggests that the pre-
dator tends to empty its prey as far as allowed by the satiation deficit of 
its gut or the food content of its prey. 
As discussed before, the amount of food in the adult female spider mite 
largely exceeds the phytoseiid gut volume. In this way an estimate of the 
gut volume was already available. However a second estimate was needed, be-
cause the apparent gut volume may depend on the prey stage involved. This 
was accomplished by allowing hungry phytoseiid females (2 days food depriva-
tion at T = 20°C) to feed on eggs and larvae instead of feeding on adult 
female prey until they were satiated. Satiation was defined by the occur-
rence of at least 10 successive contacts of the predator with its prey with-
out subsequent attack. The weight difference between the predator before 
and after feeding until satiation was measured using the electrobalance to 
estimate the apparent gut volume in case of small prey stages. Predators 
unable to achieve satiation within two hours were discarded to prevent over-
estimation of the volume due to gut emptying by absorption or egestion. The 
results indicated only a slight influence of the prey stage on the estimated 
9ut volume, as shown in Table 32. Therefore this aspect was neglected in 
further analyses for the sake of simplicity. Moreover the results indicate 
that the interspecific differences in gut volume are proportional to their 
size, as expected. 
In summary, the ingestion process can be considered as an immediate swal-
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Table 32. The apparent gut volume of four phytoseiid 
species, estimated from the weight increase of hungry 
female predators after feeding on eggs and larvae of 
Tetra.nych.us vrticae until satiation. 
Phytoseiid species Weight increase (|jg) n 
Metaseiulus occidentalis 
Amblyseius bibens 
Amblyseius potentillae 
Phytoseiulus persimilis 
3 . 2 
3 . 3 
5 . 2 
8 . 1 
0 . 2 
0 . 2 
0 . 4 
0 . 4 
25 
15 
32 
3 8 
able 1 PreY' T h S a m ° U n t ° f f ° 0 d C O n S U m e d i s determined by the avail-
of both f T g U t °r the f 0 ° d C ° n t e n t ° f t h e *«*' deP-ding on which 
gestion 1S t h S S m a l l S r °ne- T° l n l C U d e t h i s a sP e c t the previous in-
gestion formula can be extended as follows: 
T|^ = 1 -
 e"RRFT-FT 
IF a n d
 IF = min(SDG, FCP) 
FT = feeding time 
1
 = ingested food 
SDG I i l T T l e f 0 ° d C O n t e n t ° f t h e P r S y P « P«^tor SDG - satiation deficit of the gut 
FCP = ingestable food content of the prey 
3.1.2 Gut emptying 
amount of CO to red,,. J, Predators were 'drugged' by a slight 
Next they were brought^ ^ l r B O b l l i ty and weighed using an electrobalance. 
abundant numbers of eaasll ^ " l 3rea' C O n s i s t i n9 °* a prey colony with 
until satiation J t e T maleS' W h e r e t h ^ w e r e ^™* to feed 
to leave prey unharmed &üeT^^ " " " ^ ^ S U C C e s s f u l stacks predators tend 
10 successive failures' of ^ ^ ^ ^ " ^ ^ p r e d a t o r s ' front legs. When 
dered to be satiated.
 T o prevL ""* r e C ° r d e d ' t h e P^dator was consi-
to gut emptying, this serie^If^ ° V e r e S t i m a t i o n o f the food consumed, due 
interval. Predators ~m,-i ^  ° S V e n t S h a d to t a k e Place within a short time 
reguirxng more than two hours (T = 20oC) t o a c n i e v e 
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satiation were therefore not considered. After an anaesthetic, the final 
weight of the predator was measured and the weight increase after the hunger 
period in question could be calculated. 
The results of these experiments are shown in Figure 20 for young females 
of Phytoseiulus persimilis, at three different temperatures. In agreement 
with Holling (1966) and Green (1965), the results show that the gut is emp-
tied in an exponential fashion: 
FE = 1 -
 e-
RRGE
*time 
FE = fraction emptied 
RRGE = relative rate of gut emptying (time ) 
Moreover, temperature is an important factor influencing the rate of gut 
emptying. The RRGE values estimated from the measurements were almost in a 
straight line when plotted against temperature (RRGE in day" = 0.21 x 
(temperature - 11°C). Moreover these estimates show that the ingestion con-
stant is much larger than the relative rate of gut emptying viz. 70-2700 
per day compared to 1-4 per day. 
Although this experimental procedure did produce some useful results, 
there were some problems in applying it for all the species in question. 
Weighing of the individuals before and after feeding was rather difficult, 
because they were easily disturbed by the manipulations during transport 
causing a delay in the achievement of full satiation. Besides, the time 
Period allowed for the achievement of satiation made it necessary to dis-
card almost 60% of the replicates from the final results. Therefore some 
alternatives were applied. The first method was to omit the weighing proce-
WEIGHT OF FOOD 
CONSUMED (jug ) 
9-, 
I 1 1 1 1 1 1 1 r i i ' 
0 t, 8 12 16 20 2/. 28 32 36 UQ U 48 
TIME OF FOOD DEPRIVATION (HOURS) 
fiÇf- 20. weight of the food consumed until satiation by young females of 
Phytoseiulus persimilis after different periods of food deprivation and at 
three temperature levels, o, T = 25°C; A, T = 20°C; a, T = 15°C; 
= standard deviation. 
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dure and to feed the predator merely with eggs. A simple enumeration of the 
number of eggs consumed and the data on the ingestable food content provided 
a way to estimate the ingestion until satiation, thereby neglecting partial 
ingestion. Although the procedure was much more simple, the criterion for 
full satiation remained a central problem to obtaining replicates easily. 
Therefore another method was developed, based on the energy expenditure in 
the phytosend physiology. 
As discussed in Subsection 2.2.3, the phytoseiid female is capable of 
producing a
 daily egg mass equal to her own weight. Obviously the level of 
energy conversion is guite high in the oviposition phase. Therefore it may 
is c l f T Ï tte r S t e °f a b s o rP t i o n o f digested food into the haemolymph 
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is very probable that Z t transP"ation and oviposition. Therefore it 
transpiration, and of cour« Y r e l a t e d t o e g g formation and 
course, vjce versa. 
*r - e ; t s e l e t f 0 T t i : ; a n ? ; T ; b l y d ° m i n a t e t h e r a t S ° f ^ - « * * » * 
indicate some degree of recyclin o " t U b U l 6 S ( A k i m ° V & Starovir' 1975) 
ture of the two-spotted süid ^ °f ^  W&ter' as °PPosed to the gut struc-
the egestion rate on basis o f ^ s ^ T f ^ Z-1^- * ^  "*""*» °f 
quency of defaecations of a s f h f a e c e s droplets and the fre-
of the egestion constant that i^Üf f ^ " ^ t o S e i ü i « s resulted in a value 
S/0 of the relative rate of gut emptying. 
Based on the above, tentative reasoning, the relative rate of absorption 
(RRA) can be estimated from the balance between ingestion and weight loss. 
Under conditions of abundant food the gut will approach satiation, and be-
cause the gut volume is measured (Subsection 3.1.1), RRA can be fitted such 
that the rate of absorption compensates the weight loss occurring under 
these circumstances. The weight loss due to egg production can be estimated 
from the specific weight of the phytoseiid egg and the measured rate of ovi-
position. As well, an approximation of the weight loss due to respiration 
and transpiration can be obtained from the weight decreases measured in the 
starvation experiments presented in Subsection 2.2.6. The estimation of the 
relative rate of absorption is carried out with a simulation model in which 
RRA is the only unknown parameter, while the output consists of the rate of 
oviposition. The structure of the model is based on the principle that 
arthropods avoid gluttony, so that there may be an optimal body weight above 
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Pig. 21. Flow diagram of phytoseiid energy expenditure, relating ingestion 
to oviposition. 
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which the absorbed food is spent on egg formation and below which it is spent 
on compensation of weight loss due to respiration and transpiration. Because 
the terminal oocyte absorbs the major part of the lipoproteins and water, 
egg production can be simulated by extrusion of the egg, if the specific 
weight of the phytoseiid egg is achieved. A flow diagram of this simple 
concept of the relation between ingestion and reproduction is presented in 
Fig. 21; the program is listed in Appendix A. With this model, the relative 
rate of absorption can be fitted such that the rate of oviposition calculat-
ed by the model corresponds with that measured experimentally. The experi-
mental values of the oviposition (Fig. 22) were measured at several temper-
atures in a colony with abundant numbers of prey eggs for young female pre-
dators of Phytoseiulus persimilis and Metaseiulus occidentalis. The oviposi-
tion data concerning Amblyseius bibens and Amblyseius potentillae were ob-
tained from Blommers (1976) and Rabbinge (1976). The results are presented 
in Table 33. These show that Metaseiulus occidentalis and Amblyseius bibens 
resemble Phytoseiulus persimilis greatly with respect to the estimated val-
ues of RRA, but that Amblyseius potentillae has a much lower level of energy 
conversion, because of its lower rate of egg production. Moreover, for 
Phytoseiulus persimilis it can be concluded that the RRA estimates obtained 
by the present curve fitting procedure correspond very closely with the 
estimates of RRGE (= RRA) obtained by adequate use of the electrobalance. 
This correspondence may justify further use of the RRA values obtained for 
the other phytoseiid species by the curve fitting procedure. 
Because these model estimations of RRA were obtained from reproduction 
OVIPOSITION RATE 
(EGGS-DAY"1) 
6 
25 30 
. TEMPERATURE (°C) 
iTJlztioT* !" ° V i p O S i t i o n ° f »o»ng females of four phytoseiid species 
(n = HT . L T P e r a t U r e ( S b U n d a n t f00d)- °< ^oseiulus persimilis 
25),
 +. Amblyseius potentiUae (Rabbinge/ 1 9 7 6 ) 
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Table 33. Indirect estimations at different temperatures of the relative 
rate of absorption (day- ), based on the weight balance of a phytoseiid 
female (see Figure 22). 
Predator species Temperature (°C) 
13 15 18 20 22 25 26 29 30 32 
Phytoseiulus - 0.86 1.50 1.98 - 3.08 3.33 3.87 - 3.99 
persimilis 
Ambluseius 0.31 - 1.32 - 1.86 2.55 - 3.33 - 3.88 
bibens 
Metaseiulus - 0.72 1.33 1.62 - 2.54 2.55 3.15 - 3.21 
occidentalis 
Ambluseius - 0.76 - 1.26 - 2.10 - - 1.52 -
potentillae 
Relative rate of - 0.45 0.68 0.78 - 1.01 - - 1.46 -
colour decrease 
A. potentillae 
(Rabbinge, 1976) 
Relative rate o f - - - - - - 10.44- - -
gut emptying of 
#• occidentalis 
(Fransz, 1974) 
experiments for abundant food supply, it is worthwhile to compare the rate 
of oviposition calculated by the model for lower levels of food supply with 
those measured in matching experiments. The model uses the RRA value esti-
mated at abundant food supply and the rate of prédation measured at sub-
optimal levels of food supply, but the rate of oviposition is calculated 
for lower food supply levels for comparison with the measured reproduction. 
Two comparisons concerning Metaseiulus occidentalis and Amblyseius poten-
tillae are presented in Tables 34 and 35. The results show a close corre-
spondence between the calculated and measured oviposition, which demon-
strates the usefulness of the estimated RRA values. Apparently the gut is 
emptied in an exponential fashion, as was also found by direct measurement 
for Phutoseiulus persimilis. In the simulation model, the time required for 
transport, synthesis, utilization and allocation of the absorbed gut-stores 
^ the acarine body is not considered, because it was assumed that each 
molecule absorbed was matched by simultaneous utilization of another mole-
n e . This assumption was tested in two experiments concerning the reaction 
°f the reproduction on sudden changes in food supply. The first experiment 
consisted of the measurement of the numerical response of Metaseiulus occi-
«entalis to sudden changes in prey egg density, using two levels of food 
s
«PPly, both giving rise to some level of reproduction. The measurements 
ca
"ied out by Küchlein were compared with matching simulations based on 
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Table 34. Simulated and measured rates of oviposition for different food 
regimes for young females of Amblyseius potentillae. The relative rate of 
gut emptying is estimated by fitting its value in the model such to obtain 
an oviposition rate of 0.85 (or 2.26) eggs per day at an average level of 
95% gut filling. 
Temperature 
(°C) 
Measured rate of 
a 
Coloration of the 
the gut (expressed oviposition 
in colour units (eggs/day) 
ranging from 0-7) 
Simulated rate of 
oviposition 
(eggs/day) 
15 
25 
1.2 
2.0 
3.1 
4.0 
5.0 
5.9 
6.8 
1.2 
2.0 
3.0 
3.9 
5.0 
6.0 
6.8 
0.16 
0.12 
0.26 
0.27 
0.49 
0.68 
1.00 
0.00 
0.64 
0.83 
1.16 
1.33 
1.65 
2.25 
a. Data from Rabbinge (1976). 
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. 4 9 
. 6 6 
. 8 5 
. 0 0 
.22 
. 56 
.00 
,47 
.90 
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the functional response at the given prey densities (Table 36). Both model 
and experiment indicate the adjustment of the rate of oviposition to the 
new food level within one day. The initially larger reproduction rate after 
TesTng\T h i 9 h t 0 l 0 W e g 9 d 6 n S i t y W i l 1 t h e r e f ° - be caused by the 
ITtZ , T 9 U t S t 0 r e S a n d b y t h e 6 g g S a l r e a < * developed near to ovipo-
sition. similar but opposite reasons apply to the oviposition response 
ments 1 ? ^ ^ t 0 M g h ^ d e n s i t v- * another series of experi-
Ïme -au! H a S S U m P t i ° n W a S t e s t e d * measurement and simulation of the 
privation L " ^ ^ P r ° d U C t i ° n ' * " " ^ ^ P « * " * of food de-
"
 r e S U l t S
'
 P r e S e n t S d i n T a b l e
 37, demonstrate that the female 
(3 days fh0a0d ƒ r e C ° V e r f r 0 m t h e **«*«i°«" effects of severe starvation 
1 simlar o n e ? ™ ' 1 0 1 1 ^ * = 2 5" C ) b e f 0 r e ^ Production was restarted. 
-ri;:;: : — ::\::r:\::°-*(i977) for - " - * » 
valid for shorter periods^ of s C ; : ^ 1 0 1 1 8 ^ ^ ^ ±S ^ 
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Table 35. Simulated and measured r a t e s of oviposi t ion a t 
different prey egg d e n s i t i e s for young females of Metaseiulus 
occidental is. 
Prey density 
(eggs/cm2) 
0.2 
0.4 
0.8 
5.0 
10.0 
20.0 
30.0 
Measured rate of 
... a 
oviposition 
(eggs/day) 
0.1 
0.4 
0.9 
2.3 
3.2 
3.4 
3.5 
Simulated rate of 
oviposition 
(eggs/day) 
0.1 
0.4 
1.0 
2.5 
3.3 
3.5 
3.6 
a. Data from Küchlein (personal communication); T = 25-27°C; 
leaf area = 5 cm2; d a i l y replacement of eggs consumed. The 
rate of p réda t ion was not measured in the same experiment but 
in a s imi lar experiment by Küchlein, presented in Table 57. 
Table 36. The ov ipos i t i on response of Metasei 
changes in prey egg dens i t y . 
ulus occidentalis to sudden 
Female 
startii 
moult 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
age 
ig 
(in 
from 
. days) 
final 
Prey egg 
density 
(eggs/cm2) 
10.0 
10.0 
10.0 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
0.4 
10.0 
10.0 
10.0 
10.0 
Measured rate of 
.. . a 
oviposition 
(eggs/day) 
3.3 
2.6 
3.0 
1.7 
0.4 
0.5 
0.55 
0.3 
0.4 
0.3 
1.3 
3.2 
3.2 
3.1 
Simulated rate of 
oviposition 
(eggs/day) 
3.3 
3.4 
3.3 
1.5 
0.6 
0.5 
0.4 
0.4 
0.4 
0.4 
1.5 
3.3 
3.3 
3.3 
a
- U n P U b l i s h e d da ta from Küchlein; T = 25-27°C; leaf area 
a i l y replacement of the prey eggs consumed. 
5 cm2; 
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Table 37. The time required for the production of the first egg after 
different periods of food deprivation. T = 25°C; high density of prey eggs. 
Predator species 
Phytoseiulus 
persimilis 
Metaseiulus 
occidentalis 
Amblyseius 
bibens" 
Period of food Time requi red for the production 
deprivat ion (days) of the f i r s t egg (hours) 
0 
1 
3 
6 
0 
1 
3 
6 
0 
2 
4 
6 
n 
30 
30 
30 
16 
15 
15 
30 
15 
33 
29 
26 
15 
measured 
6.2 
11.3 
13.5 
18.2 
6.3 
9.4 
18.6 
27.2 
6.3 
12 
12-24 
12-24 
simulated 
6.2 
10.7 
14.2 
15.4 
6.0 
7.9 
10.9 
11.7 
6.0 
10.2 
11.4 
11.8 
a. Data from Blommers (1977). 
Comparison of the data obtained on RRGE (or RRA) values with those given 
in literature reveals many discrepancies. A closer examination is needed, 
therefore, of the methods adopted by the different authors (Fransz, 1974; 
Rabbxnge, 1976). Fransz estimated RRGE by a fitting procedure related to 
the observed predatory behaviour, instead of to the conversion physiology-
He simulated the predatory activities in a part of his behavioural observa-
tions using the relations between the food content of the gut and the beha-
InaToI C ° T T t S e S t l m a t e d f r ° m t h e ° t h e r P a r t °f t h e observations, select-
related ,"1 ^ ^ ** ^ * * ^ ^ C ° n S t a n t - T h i s ° r 0 C e d u r e «** 
behaviour & " ^ °f *** * " ^ ^ t h a t e n a b l e d prediction of the 
sTZa in th °ne,rrt °f thS °bSerVati°- » the basis of the behaviour ob-
t I t ; Part' SUCh S P r ° C e d U r e d 0 S S not' h-ever, guarantee a 
Rabbi" ; ° n ; f mGE' b e C a U S S t h e r e » y »* «re than one Llution. 
ratioTo, U 7 a m ° r e d i r e C t m e t h ° d b a S S d « ^ Prey-induced gut colo-
"^L^Ti^ T"'the coloration being visible through its 
ent in the ^ ^ ^ ^ ^ ^ ^ » ^ r o t e n o i d s ^ 
Prédat ion, . t h o u g h Rabbinge L j ^ ' J ^ ^ ^ ^ ^ ^ 
88 
correlated state variable, it may give an estimate of the relative rate of 
gut emptying (RRGE). However, it is questionable whether the rate of absorp-
tion of other metabolically more important food elements, like proteins, 
lipids and sugars, equal to that of the carotenoids. Anyway, the results 
obtained by Rabbinge and Fransz (Table 33) differ largely from those of this 
report. 
3.1.3 Nutritive quality of the prey stages 
There is some evidence that food quality depends on the developmental 
stage of the prey consumed. Because 60-70% of the ingested food is utilized 
in the production of egg mass, effects of food quality may be determined 
from the rate of reproduction of a particular prey stage, i.e. in a prey 
monoculture. However these kind of experiments are difficult to interpret 
when the prey stages have no equal capture probability, which is due to 
prey-stage preference of the predator or the escaping capacities of the 
prey stages. In other words, egg production may be lowered merely by a de-
crease in the food weight consumed, instead of prey-stage food quality. As 
will be shown in Subsection 3.2.7, adult female prey run much less risk at 
being captured than any other stage. Especially this prey stage gives rise 
to a lower rate of reproduction when offered abundantly in monoculture 
(Metaseiulus occidentalism. Croft & McMurtry, 1972; Croft, 1972; Pruszynski 
& Cone, 1973) (Phytoseiulus persimilis: Shehata, 1973; Begljarow & Hlopceva, 
1965). Therefore, to analyse whether the low rate of reproduction is due to 
a low rate of prédation or to nutritive quality, measurements of prédation 
in monocultures of prey stages can be supplied to the model presented in 
Appendix A and subsequently the reproduction of the predator can be simu-
lated assuming that 1 pg of food ingested from any prey stage has the same 
nutritive quality as 1
 Mg egg mass. In this way indications were found that 
spider mite females as prey give rise to a lower rate of reproduction mainly 
because they are captured less easily and hence consumed less frequently. 
Another approach is to compare reproduction rates in high density mono-
cultures of different prey stages that have been measured at similar rates 
°f Prédation. For example, Croft & McMurtry (1972) used Metaseiulus occiden-
t'lis and measured a rate of prédation of about 10 prey per day for both 
egg monocultures and nymph-male cultures, while the appropriate rates of 
«production had a ratio of 3:2. Similarly, Blommers (1976) used Amblyseius 
bl
^ns and measured corresponding rates of prédation for eggs and males, 
while the matching reproduction had a ratio of 4:3. Pruszynski & Cone (1973) 
used Metaseiulus occidental and measured a higher rate of predatxon on 
e93s then on nymphs. However the rates of reproduction were equal or even 
rgher in case of nymphs as food. 
°f course, under more natural conditions of population growth the age 
distribution of the prey mites will never resemble the extreme of a mono-
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culture of a specific age group of the mites. Although the proportions of 
the different age groups in the population are rather variable, there is 
always a mixture of young and old stages due to the continuous reproductive 
effort of the adult females. The author's experiments indicate that even 
slight supplies of eggs to monocultures of preovipositional females resulted 
in a maximal rate of reproduction; addition of 10 eggs to 30 postoviposition 
females on a leaf disc of 5 cm* raised the reproduction of Metaseiulus occi-
dental's from 2.7 eggs per day to 3.6 eggs per day (n = 18, T = 27°C). 
Shehata (1973) found similar results for Phx/toseiulus persimilis. Therefore 
food quality is not considered in the models presented. 
3.2 RATE OF SUCCESSFUL ENCOUNTER 
In the previous section (3.1), methods to quantify the dynamics of the 
food content of the gut were discussed. In this section the behavioural com-
ponents, such as walking, resting, attacking and feeding, are described in 
relation to the food content of the gut. These components are measured 
during continuous observations of the predatory behaviour and subsequently 
related to the food content of the gut as computed from the rate of gut emp-
tying (Subsection 3.1.2) and the observed time series of ingestions. At the 
start of the experiments female predators are introduced that are standard-
ized with respect to age (3-10 days), feeding history and adaptation to the 
experimental arena (6 hours). The computation of the state dependent rate 
of successful encounter is given by the following formula for the total time 
spent per successful encounter in searching, handling and feeding: 
R S E
 ~ (RE-COIN-SR) 
RSE = rate of successful encounter (time-1) 
FT = feeding and handling time (time) 
RE - rate of encounter (time-1) 
COIN = coincidence in the webbed space (%) 
SR - success ratio (%) 
preyhLtreactio0n d T s T ^ ** & ^ ' ^ *lth ±tS ^ is determined by the   ael
-ection distance (Subsection« q •> i ^ -, „ j 
of both predator and p r e y (sill I 3.2.3) and the walking speed 
rections of the Ti- ^ s e c t i o n 3.2.2). Assuming that the walking di-
followllg formula " " " ^ ^ l n * * « * « * . Skellam (195B) derived the 
RE = 2-d • v • D 
prey 
I Z V J I Z L T ^ Z ^ ( M - ^ - > - - f« the distance of 
vectors of predator V " " ^ " *** r e s u l t a ^ velocity of the speed 
predator and prey and it is given by: 
Prey+ ^ predator " ^ prey-predator — * 
v' = v2
 + v2 prey v 
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6 represents the angle between the momentary directions of predator and prey. 
Taking expectations we get: 
2 2 2 Ev = Ev + Ev , . since ƒ cos 6 = 0 prey predator' i 
Mori & Chant (1966) suggest the absence of any form of remote sensing in 
phytoseiid predators. However, it may be that the web threads influence 
searching by acting as a warning signal for the prey or by drawing the 
attention of the predator to active prey. These hypotheses are tested in 
Subsections 3.2.1 and 3.2.3 by comparing the results of an actual experiment 
concerning the rate of encounter and a calculation of this rate by means of 
Skellam's formula, where the prey detection distance is taken to be equal 
to the sum of the radii of the circumferences of prey and predator. 
Within a prey colony the phytoseiid predators display a very tortuous 
walking pattern. This may have two consequences. The rate of encounter may 
be depressed by revisiting areas already exploited. On the other hand, the 
residence time of the predator in a prey colony may be increased by this 
behaviour; for the opposite case, a straight path, a shorter residence time 
will occur, provided the predator does not turn when arriving at the edge 
of the colony. The analysis of both the 'recrossing' phenomenon and the fac-
tors involved in the residence time is carried out by observation and simu-
lation of the walking behaviour (Subsection 3.2.4 and Section 3.4). 
The rate of encounter is also determined by the walking activity of the 
mites (Subsection 3.2.5). It is defined as the percentage of the observation 
time that the mite spends walking. Assuming that the activity of both preda-
tor and prey is independent of the momentary activity of their neighbouring 
mites, the rate of encounter can be computed by adding its sub-estimates 
that pertain to three combinations of predator and prey activity (walk -
Walk, walk - rest, rest - walk): 
RRE,„, = 2- (r 
WW * ( r p r e y 
RREWR = 2 - ( r 
WK v
 p r e y 
RRERW = 2 - ( r 
KW l
 prey 
RE
 = (*™m + 
+ r p r e d ) 
+ rpred> 
+
 V e d ' 
• \ / v 2 + v
 prey 
vpred 
V 
prey 
\ 
2 
v
 pred 
RREWR + RBERW> ' ° p r e y 
'
 a c t p r e y ' a c t p r e d 
• d - ^ r e y ' ' 3 C V e d 
'
 a c t p r e y ' ^-&ctpre^ 
RRE 
r 
- relative rate of encounter (RE/Dprey) 
= radius of the circumference of a mite (cm) 
act- _ 
- activity (%) 
™ » formula of Skellam presented here is restricted to the case of a 
a e n e o u s and two-dimensional surface. It can be easily extended to a 
t h
- e - d i m e n s i o n a l space/ as i n tne web. However the distribution of the 
W i t
^ and their walking behaviour in the heterogeneous web structure 
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such that the probability of a visit is not the same for every location in 
the vertical plane of the webbed space. Therefore the coincidence in space 
(Subsection 3.2.6) is introduced as a factor, which accounts for the pheno-
menon that predator and prey may pass over and under each other. In this 
way the potential number of encounters on a two-dimensional leaf surface is 
corrected to obtain the number of real contacts in the webbing. 
Not all encounters result in prédation. The greater and stronger the prey 
stage, the more difficult it is for the predator to capture the prey. More-
over, the motivational state of the predator, as indicated by the food 
content of its gut, may determine its chances of seizing prey. Therefore the 
rate of encounter has to be multiplied by the success ratio (Subsection 
3.2.7) to obtain an estimate of the rate of successful encounter. Finally 
the time spent handling and feeding the prey after successful attack (Sub-
section 3.2.8) has to be supplemented to the time spent searching per suc-
cessfully captured prey item. In this way the total time spent per success-
ful encounter (1/RSE) is obtained. 
3. 2.1 Width of the searching path 
The circumference of a predatory mite is not fully determined by taking 
the distance between the tips of the lateral fore and hind projections of 
the mite. It is also related to behaviour that enlarges the area covered 
(Fig. 23). In this respect two behavioural components can be distinguished: 
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™ ^ Tth °f the S e a r c h i n9 Path determined by body and front leg-
movement of a phytoseiid predator. A, tarsi of legs 2, 3 and 4; A, tarsus 
of bolv 1 a r T S i n d i C a t e l e g" m o v e m e n t<- straight line represents position 
ay-axis. Exght successive phases of forward locomotion are given. 
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first, the frequent turning of the body from one side to the other; second, 
a superimposed fast ambushing with the front legs, resembling the use of 
antennae in hymènopterous parasitic wasps. To measure these actions separa-
tely a video equipment (camera, recorder and monitor), connected to a bino-
cular microscope, was used, thus offering the facility to fix the moving 
image. 
The observations indicated that an increase of the walking speed results 
in a decrease of the lateral reach of the predatory female. When the preda-
tor is disturbed by something the walking speed is relatively high (Subsec-
tion 3.2.2) and the lateral reach almost equals the breadth of a resting 
mite. In a state of complete rest the front legs are drawn up close to its 
mouthparts, which causes the length to be equal to the length of the soma. 
Spider mites, with their rigid shuffling way of walking, do not show any of 
these characteristics. 
The measurements of the lateral and distal reach of undisturbed female 
predators in different states of activity are presented in Table 38. Those 
of the spider mites are given in Table 39, related to the developmental 
stage, it may be concluded that except for the resting state of the preda-
tors, the breadth of the mites is very near to their length, so that it is 
not unrealistic for simulation purposes to conceive mites as circular units 
with a diameter equal to half the sum of the real length and breadth. These 
measurements will be used in calculations with Skellam's formula for the 
rate of encounter, for which the distance of prey detection is assumed to 
be equal to the sum of the radii of predator and prey (Subsection 3.2.3). 
7aWe 38. The lateral reach and the distal length of the females of four 
Phytoseiid species (n = 20). 
Predator 
species 
State Length (mm) 
M ° 
Breadth (mm) Diameter (mm) 
p à (length + breadth)/2 
phytoseiulus w a l k i n g 0 .98 0 .147 0.84 
Persimilis 
r e s t i n g 0 . 7 1 0 .040 0.42 
0.068 0 .91 
0.020 0.565 
Potentiliae w a l k i n g 0 . 8 1 
r e s t i n g 0 .69 
0.038 0 .71 
0.034 0.43 
0.040 0.76 
0.027 0.56 
oibens w a l k i n g 0 .65 
r e s t i n g 0 .62 
0.037 0 .56 
0 .030 0.30 
0.020 0.605 
0.029 0.46 
Met 
"
eta
.seiulus w a l k i n g 0 .62 
r e s t i n g 0 .62 
0.033 0.52 
0 .031 0.27 
0.018 0.57 
0.028 0.445 
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Table 39. Length and breadth of the developmental stages of Tetranychus 
urticae (n = 10). 
Developmental stage 
-
egg 
larva 
protonymph 
deutonymph ? 
male 
preoviposition female 
oviposition female 
Length 
M 
0.137 
0.307 
0.411 
0.539 
0.592 
0.749 
0.779 
(mm) 
â 
0.007 
0.017 
0.040 
0.040 
0.032 
0.077 
0.061 
Breadth 
M 
0.137 
0.219 
0.272 
0.362 
0.376 
0.443 
0.534 
(mm) 
â 
0.007 
0.017 
0.035 
0.048 
0.044 
0.082 
0.061 
Diameter (mm) 
(length + breadth)/2 
0.137 
0.263 
0.342 
0.451 
0.484 
0.596 
0.657 
3.2.2 Walking velocity 
The walking velocity was measured as the displacement along the track 
per unit of time. These walking tracks were registered with the video equip-
ment shown in Fig. 24. This experimental set up provided an almost perpen-
dicular projection of the paths with a magnification of about 8 times. Al-
though the experimental leaves were selected on their flatness, the walking 
tracks near to the edge of the leaf were incorrectly projected on the screen 
due tn the curvation of the leaf and therefore discarded. To prevent any 
possible orientation by the mites on a surrounding unequal light distribu-
tion, the experimental leaf was enclosed in an 'opal' Perspex cylinder, 
which diffused the lateral incoming light. The light distribution was mea-
sured with a selenium unit connected to an ampère-meter. The radiation flux 
varied between 2 and 2.3 Watt per m* near the leaf. 
The walking time was measured simultaneously by means of a stop watch; 
each 10 second period was marked on the drawings of the walking paths. The 
walking activity of the mites was frequently interrupted by short or long 
stops. Those stops that lasted less than 1 second could not be separated by 
observers from the walking-time registration due to lags in reaction time. 
From these measurements of walking time and displacement, the mean walking 
speed was computed. An attempt was also made to characterize the variation 
in walking speed by computing the variance of the velocities in the arbi-
trary 10-second periods. 
vaJon T i n 9 V e l ° C i t y W a S S t U d i 6 d l n r e l a t i ° n t 0 t h e Period of food depri-
SoTlt 'webbing and the side of the leaf- T° ^ y t h e s e rela ' 
walkLJth V e r y l m P ° r t a n t t 0 d l S t i n g u i s h ^tween edge-oriented walks and 
re": ££.£ ^iToVT' J"" ^ ^ ^ b~~ ^ e inspection of leaf-edge-related structures and the regular 
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return of the mite towards the leaf edge after loosing contact with it. A 
few times the mites lost contact with the edge and did not return. On those 
occasions they were swaying to and fro; to the author they appeared to be 
disoriented. Only the walking paths on the leaf surface, i.e. not edge-
oriented, are used in the treatment of walking velocity. The edge-oriented 
walk will be discussed in relation to the time spent outside the prey aggre-
gations fPart 7\-
The walking behaviour can be strongly influenced by experimental manipu-
lation. For example, disturbances can be observed after the predatory might 
are displaced by a brush. To illustrate the effect on the walking speed some 
measurements were made of the walking behaviour of disturbed predators; 
these are given in Table 40. Disturbance diminishes within two hours. There-
fore the behavioural observations of predators were used only after a rest-
ing period of some length (> 5 min.), so that the predator started walking 
spontaneously. 
The effect of the starvation period on the walking speed of the predators 
is probably rather complicated (Table 40). when starved for two consecutive 
studio " W h ° l e daY' the WSlking Speed ° f a11 four Phytoseiid species 
studied increased by less than 30%. However, when A^lyseius titens was 
creall *"J**0** °f leSS t h a n * **y. the walking speed initially in-
meLured ™ b B e Q U e n t l y f ° l l 0 W e d * * urease. The latter effect was also 
(to be ,T T d n e S S & M C M U r t r y ( 1 9 7 2 ) f ° r ^^eius largoensis. Küchlein 
ty/actlv t / d ) f ° U n d i n d i r S C t 6 V i d e n C e f ° r a n i n — - -Iking veloc-
thTprev ,7 the C a S e ° f M e t * S ^ s occi.entalis at low densities of 
the prey (from 3 eggs per 5 cm* to 1 egg per !0 «»a,. 
Observation^0" te"*eratu™ °n t h e displacement of female phytoseiids ( = 
wa k Z ) 7 * W a l k l n g S P e e d X f r a C t i ° n ° f « * observation time spent 
cone ud
 d ITT b Y E V e r S ° n ( 1 9 7 9 ) S n d P e n m a n & C h a P — <"80). Everson 
e ce by
 temD r
e d i S P l a
— °
f
 ^ o s e i u l u s persiffliiis was L influ-
ChaplnyobtaP ; e °n b ° t h a g l 3 S S S U b S t r a t e "°* * bean leaf. Penman * 
of 15 " » e ! S l m i l a r 6 V i d e n C e f ° r «**"*"*>* occidentals in the range 
IV deer" t h U m i d i t y = ?5%)' b U t b e l o W 1 5 ° C displacement was clear-
of TetTnTl' " " " * " ^ ^ ^ ^ t h e s e au^ors for the case 
f s I a ^ o T UrtICae- T h S r S S U l t S °f t h S P r S S e n t *™y <™>le 40) indicate 
incLLi " r ™ rki- — - - ~ s . t t^.™. 
dity level i, J According to Penman & chapman (1980) the humi-
seiuluTU« ƒ f1110" l m P ° r t a n C e for th* displacement of females of Meta-
seiulus occzdentalxs and Tetranychus urticae 
theApre0dUa9torrP:ratUre ^  ^ "^ ' ^ ^ °* the -Iking velocity of 
po it[on of the , \ W a S m i n ° r C O m P a r e d t 0 t h a t ° f t h e BLucture and 
:tudie:nw:; ^ r r « c r r g speed of the four p h y t ° - i i d species 
downward-facing side of the it." r u Z T ^ ^ • ^ ^ ^ ^ ^ ^ 
leaf showed that thS , Turning experiments with the experimental 
that this result was not caused by the texture differences be-
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- M- A. Back view of a female predator (Amblyseius potentillae) resting 
next
 to a leaf mid-rib (magnification: 90 x ). B. Detail of the tarsus of 
the
 hindleg (magnification: 6000 x) shown in A. Notice the position of the 
Cla
"s and the swab-like empodium and compare with the position of the claw 
re
»nants and the empodial hairs of the spider mites, shown in Figure 26. 
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tween the upper and lower cuticle, but probably by gravitational force. This 
phenomenon may be related to the adhesive properties of the swab-like empo-
dium and the claws of phytoseiid mites (Fig. 25), because their walking 
speed was not reduced when walking on the mid-rib of the downward-facing 
side of the rose leaf. The walking speed of the spider mites was not influ-
enced by the position of the leaf, possibly because they are always attached 
to the leaf, as web threads are continuously produced during walking (Saito, 
1977a). Artificial trembling of the leaf caused the spider mites and the 
predators to lose contact with the leaf surface, but it was often observed 
that the two-spotted spider mites crawled along its web thread up to the 
surface after this manipulation. 
Both spider mites and predatory mites walked more slowly in a webbed en-
vironment (Tables 40 and 41) if compared with their walking velocity on the 
upward-facing side of the rose leaf. Even a very low webbing density caused 
the predatory mites to slow down. The web structures were inspected inten-
sively with their front legs. Once a passage through these structures was 
detected a forward movement was made. Presumably the long dorsal setae 
pointing backwards on the pear shaped phytoseiid body serve as a wedge in 
the sticky web during forward locomotion. Sandness & McMurtry (1972) re-
ported that the stickiness and the physical presence of several strands of 
webbing impeded the progress of Amblyseius largoensis. In the present study 
it was observed a few times that females of Amblyseius potentillae stuck to 
the web with their dorsal plate. An explanation for this fact could be found 
in the absence of long setae on the dorsum of Amblyseius potentillae, the 
longer setae being positioned near the edge of the dorsal plate. It may be 
worthwhile to reconsider acarine predator-prey relations from this point of 
view. When mites are in the webbing the influence of gravity can be ne-
glected. Likewise, the effect of temperature on the walking velocity was not 
significant for mites moving in the webbing. Surprisingly the same rule ap-
plies to the interspecific differences. This implies that the walking veloc-
ity is not responsible for any interspecific difference in the intra-colony 
rate of prédation, but it may be relevant in the specific capacity of inter-
colony dispersal (Part 2). 
3.2. 3 Distance of prey detection 
As stated by Mori & chant (1966), initial contact of Phytoseiulus persi-
milis with its prey appears to be matter of chance. The prey mites are ap-
parently first detected by contact with the anterior tarsi of the front 
legs which are extended in front of the body. After contact the predator 
usually moves closer to the prey and palpates it with its pedipalps before 
penetrating the mite's soma. On the basis of behavioural observations and 
scanning electron micrographs of the setae on the pedipalps and the anterior 
legs I Jackson (1973, i974) suggests that mechanoreception and con-
100 
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Fi ?• 26. Tarsus of a male of Tetranychus urticae (magnification: 6000 x). 
Noti
=e the position of the empodial hairs on the webbing strand and the 
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 strand. 
101 
(B 
U 
'rH 
+J 
Ss 
3 
10 
3 
CJ 
Sn 
« 
m 
(s 
•p 
<u 
O 
UI 
1) 
Dl 
iB 
P 
10 
P 
a 
41 
a 
o, 
o 
i-H 
> 
4) 
•O 
P fi 
41 
U 
<0 
iM 
<H 
•H 
•O 
o 
>( 
p 
• H 
O 
O 
H 
4> 
> 
O l 
c 
•H 
X 
H 
(0 
O) 
Xi 
H 
«J 
o 
CM 
Xi 
p 
IM 
0) 
fi 
o 
•H - ^ 
u to 
o \ 
•H s 
V g 
> — 
0> CT 
fi ß H 
<S (U 
p 
o 
•H 
10 
m 
fi 
o 
•H —. 
U 10 
0) S 
> — 
Oi Oi 
ß fi 
•H -r-l 
^ XI 
r j X) 
ni ai 
41 
O l 
<0 
•p 
10 
•p 
ß 
4> 
s 
a 
o 
a) 
•a 
•H 
(0 
a) 
•o 
ß 
IV 
•o 
•H 
10 
U 
4) 
p . 
4> 
•O 
• r ( 
10 
M 
m 
ß 
3 
1) 
V 
• H 
U! 
M 
a) 
& 
3 
O 
in 
o 
CM 
CM 
ro 
o 
o 
H 
r- sF <t 
H CM o 
CO H O 00 
CM in CO H 
o o o o 
o 
o 
co co ui 
H CM O 
co co en ro CM ro 
o H ro *o in CM 
(0 
g 
XI XJ 
II 
(0 
e 
4> 
IM 
4> 
> 
11 a 
o 
•p 
o 
u 
O. T3 
O 
•p 
3 rH 
0) rr) 
O) 
ß 
O 
•H 
•P 
• H 
m 
o P 
a -H 
•H (0 
> o 
ß 
o 
u 
o 
m 
•o 
(U 
> 
u 
11 
10 
XI 
O 
Ol 
fi 
•H 
4) 
XI 
X! 
O 
r3 
(U 
Lf) 
rH 
g 
O 
M 
MH 
•O 
(U 
• H 
M 
(0 
> 
•P 
ß 
Ol 
(0 
4) 
M 
•P 
M 
4> ft 
•O 
IV 
W 
3 
10 
4) 
P 
-r( 
e 
ca 
3 
•O 
•H 
> 
-H 
13 fi 
• H 
MH 
O 
M 
O) 
• 00 
ca i 
Oi fi 
•H 
rH 
10 
10 
4) 
P 
% 
•ri 
e 
102 
tact chemoreception is involved at both tarsal and palpal contact with the 
prey. 
However web may interfere with searching by providing a warning signal 
to the prey or by drawing the attention of the predator to active prey. 
Therefore a dist inct validation of Skellam's model is needed. To accomplish 
this, estimates of the rate of encounter were compared with the results of 
an experiment where the encounters between predator and prey were scored on 
a time scale. Hungry predators (0.5 days food deprivation, T = 20°C) were 
used to ensure reaction to the presence of prey, if any. The experiments 
were made in the presence and absence of web. The effect of the mobility of 
the prey was also investigated, using eggs and females of Tetranychus urti-
Table 42. Measured and simulated rates of encounter between female phytoseiid 
predators and a mobile (female) or immobile (egg) stage of Tetranychus urticae in 
absence or presence of webbing. 
Predator 
species 
Prey stage 
and density 
Webbing Rate of encounter (number/min) Total 
observation 
Phytoseiulus 4 eggs 
Persimilis
 p e r cm* 
Anblyseius 36 eggs 
Potentillae per cm* 
2 eggs 
per cm2 
0.25 eggs 
per cm2 
Vetaseiulus
 4 egss 
°ccidentalis per cm2 
Phytoseiulus 4 eass 
PersinUis p e r 9 ^ 2 
AMlyseius 4
 e a a s 
»tenti i i .e per9cm2 
tetaseiulus 4 eaas 
Mentalis pe^cm2 
>h9toseivlus 
Pei
~simiiis 
Ambit 
10 ça 
per cm2 
jyseius in oa 
^seiulus 10 oa 
Mentalis per'cm2 
absent 
absent 
absent 
absent 
absent 
present 
present 
present 
present 
present 
present 
simulated 
3.26 
16.3 
0.91 
0.12 
1.13 
0.47 
0.32 
0.30 
1.76 
1.37 
1.34 
measured 
3.35 
18.9 
1.08 
0.14 
1.10 
0.57 
0.36 
0.34 
1.73 
1.24 
1.25 
time 
32 
21 
96 
160 
86 
222 
245 
250 
92 
110 
82 
T h e
 walking activity of the female spider mite - 4%. 
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cae as prey. The activity of the female spider mite was registered and ac-
counted for in the calculation of the rate of encounter. The female preda-
tors, however, were only observed when they were active. Care was taken 
that the mites were accustomed to the experimental leaf, which was placed 
on wet cotton wool to keep the leaf fresh and prevent the mites from leaving 
the leaf surface. The arena was marked by a square on the ocular of a bino-
cular microscope. It was smaller than the rose leaf to avoid any edge effect. 
Therein the eggs (immobile category) were spread equidistantly. In this way 
unnecessary variation in the results as a consequence of the casual occur-
rence of clusters of eggs were prevented. For the mobile female prey this 
was obviously not possible. The projection of the ocular square on the leaf 
surface resulted in an imaginary arena of 4 cm2. A female predator was al-
lowed to traverse this arena and the number of contacts during the time 
spent in the arena were scored. On a webbed substrate encounters were also 
scored when the projections of prey and predator on the horizontal leaf 
plane overlapped. The mean rate of encounter was calculated as the total 
number of encounters scored divided by the cumulative time spent walking in 
the arena. 
In Table 42 the measured rates of encounter are given together with the 
estimates according to Skellam's formula. From these results it can be con-
cluded that the contribution of olfaction or web (= the difference between 
the measured and the calculated rate) was always less than 20% of the cal-
culated rate. For eggs as prey, all differences between simulation and mea-
surement disappear when the diameter of the simulated egg is doubled. This 
suggests that the eggs are scented from near by. In case the prey is a mo-
bile female, the measured rate turns out to be consistently smaller than 
the calculated rate. An explanation for this small but consistent diffe-
rence may be found in the warning action of web vibrations caused by the 
predator. 
The overall conclusion is that the influence of olfactory or other stimu-
li emerging from the web is low, so that it is allowed to use the formula of 
Skellam for the calculation of the rate of encounter. This means that pre-
datory preference for a prey stage or the escaping capacity of the prey may 
for computational purposes be considered to arise at the moment of contact. 
3.2.4 Walking pattern 
The walking pattern of the predator affects the rate of encounter with 
prey m two ways. In the first place it determines the time spent in a prey 
colony. When the edge of the colony does not influence the walking behaviour 
of the predator, a straight path causes the residence time to be minimal 
and the distance between starting and momentary position (= linear displace-
ment) to be maximal. The more tortuous the walking behaviour, the smaller 
the linear displacement and thus the longer the residence time of the pre-
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dator in a prey colony. Of course, the transition of colonized leaf surface 
to uncolonized parts of the plant may induce the return of a predator when 
it arrives at this edge. However, such a mechanism has not been reported so 
far with respect to Phytoseiidae. 
In the second place, a very tortuous walking pattern may cause a depres-
sion of the rate of encounter if the predator devours the prey items encoun-
tered; the predator may stay too long on a spot previously occupied by de-
voured prey. Predatory mites walk tortuously when searching in webbing 
(Fig. 27). Therefore, the walking paths being available from the measure-
ments of the walking velocity (Subsection 3.2.2), it was worthwhile to ana-
lyse the effect of the walking pattern on the residence time of a predator 
in a prey colony and on the rate of encounter between predator and prey. 
For this purpose a simulation model of the walking behaviour was constructed. 
The walking behaviour of an individual animal can be simulated as follows. 
Each time interval, which is equal to the quotient of step size and walking 
velocity, the animal makes a forward movement with a change in direction 
over a fixed distance. This angular deviation is chosen at random from a 
distribution of changes in walking direction (-n, +n) obtained from the 
walking paths registered on video equipment. These angular deviations are 
found in principle by determination of the angle between two successive 
directions after a linear step of a fixed length (Fig. 28). The shape of 
the frequency distribution strongly depends on the magnitude of the step. 
'Advancing with seven-league boots' the distribution tends to the Gaussian 
FINISH 
J V — START 
H ^ U 
W
* V- Walking path of a female predator (Päytoseiulus persimlis) on a 
W e b b
^ leaf
 a r e a . 
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Fig. 28. Determination of three consecutive angular deviations (A 
As-1' A s } a f t er pacing linear distances of fixed length. s-2' 
or uniform-type, while for a small step the tendency is towards a Student-
type distribution. To justify comparison of different distributions measured 
and to fulfill the requirements of an accurate description of the walking 
paths, a step size is selected of half the average length of the mites (= 
0.04 cm), which corresponds to about 2 times the step length of adult mites. 
Correlation between successive changes in walking direction can be accounted 
for by an auto regression model: 
o. 
As = VAs-l + <VAs-2 + + a -A + X m s-m s 
^s - directional change at step number s 
X. = random process to obtain angular deviations from a frequency •s 
• 01 
m 
distribution, corrected for autocorrelations 
autoregressioncoefficients 
m = order of the process 
The first-order auto regressive process is then: 
As = Vl'Vl + Xs 
The procedures to obtain and to interpret the values of the auto correlation 
correl^ e n t S ' *° C a l C U l a t e t h e a u t ° regression coefficients from the auto 
ZlliT°n H i e n t S ' a n d f l n a l l y t 0 aetexmlae the order of the process 
are explained in Appendix B. 
theF°f rreCZ r e hT i V e ^ ^ ^ ^ <* the results i t is useful to describe 
Studenttr d t r i b U t i 0 n S by t h e i r m0mentS" H ™ < the Gaussian and 
•:::: ^^~;;r:to be in~ - - - —iiity. 
»e tails of the measured distributions. The Tukey distri-
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bution was chosen due to its flexibility in this respect. The mathematical 
form of this inverse, symmetric, continuous and cumulative distribution is: 
X = u + 0-Y 
s
 r
 p 
Y = 
P 
<PA - U-P)A)/A \ * 0 
\ 
ln(p/(l-p)) \ = 0 
M = mean angular deviation 
o = scale parameter 
kurtosis-related parameter 
P = cumulative frequency of angular deviations 
The flexibility of this three-parameter distribution finds expression in 
the fact that the kurtosis related value of A. causes the distribution to 
approximate the shape of some well known distributions: 
*
 = 1
 uniform 
x
 =
 0-14 normal 
K
 =
 ° logistic 
X =
 -0.85 Student's ^ or Cauchy 
The maximum likelihood procedure for the estimation of p, o and A, plus a 
test on goodness of fit, are given in Appendix C. 
The simulation process is as follows. A change in walking direction (in 
radians), xg, is computed for a random p value (0 « p s< 1) drawn from a uni-
form distribution. This change in direction is subsequently added to the 
actual direction, and from the cosine and the sine of this new direction 
the new
 x and y positions are obtained, taking the step size as the length 
of
 the hypotenuse. In Fig. 29 the relation between the shape of the distri-
bution and its matching walking path are visualized. These simulations de-
monstrate the influence of the scale and tail length of the frequency dis-
nbution on the simulated walking path. 
Comparable simulation approaches can be found in Siniff & Jessen (1969), 
etching (1971), Cody (1971, 1974), Jones (1977, 1978), Pyke (1978), Yano 
(1978), Sirota (1978), Inoue (1978), Waddington (1979) and Baars (1979). 
Some of these authors have based their frequency distributions on angular 
Nations after variable time periods, which makes comparison of different 
dlstributions essentially impossible. Other authors used angular deviations 
after
 fixed time periods, so that their conclusions pertain to both walking 
Vel
°city and pattern. Pyke (1978) and Jones (1978) noted the possibility 
* * an arthropod has some limited memory concerning the direction of the 
^lately previous movement. They did not present a model of this partic-
ular
 aspect. 
fl
 The
 walking tracks registered by means of the set up discussed in Subsec-
tl0n
 3.2.2, were used for the measurement of the frequency distributions of 
«Mmiar deviations, m principle this was done by proceeding along the 
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a=0.8 
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QQ QQ 
P(%) 
J
-V L5? 
A^QTZ 
< ^ N -
^2g 
"ö^TTs" 
0.1 0.2 0.3 0.4 0.5 0.6 0.7 
: ANGLE DEVIATION 
0.8 
RAD ) 
X=0.U 
a=0.2 
X=0.85 
a= 0.0348 
UNIT= DISPLACEMENT AFTER 
25 STEPS 
Fig. 29. Relation between the shape of the frequency distribution of 
angular deviations and the actual walking path. Two differently scaled 
Gaussian distributions and another distribution with a longer tail are 
plotted on probability paper of the Gaussian distribution. The matching 
Simulations of walking paths are shown below and the computer program is 
listed in Appendix D. 
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track with fixed linear steps and by subsequent determination of the angular 
deviation between successive directions (Fig. 28). At the end of each path 
the collected angles were ordered into a frequency distribution (-n, +n ). 
This procedure and the subsequent estimation of the Tukey parameters, auto 
regression and correlation coefficients, plus a final test on the goodness 
of fit, were executed with the aid of a computer program constructed for 
this purpose (Ruardij, 1981). The paths can be supplied to the program in 
the form of a series of x,y coordinates via an x-y tablet connected to the 
computer. The distances between those coordinates are inevitably subject to 
irregularities due to human inaccuracy. Therefore an interpolation method 
(Spline or Aitken-Lagrange ) operates in the program to obtain a continuous 
walking path along which the fixed step size can be paced. Overshoot prob-
lems with the interpolation at sharp turns in the walking paths are solved 
initially by interpolation over smaller parts of the walking track and 
ultimately by simple linear interpolation. The program was tested in a 
series of experiments with straight and circular walking paths. 
The walking tracks analyzed in this paragraph originate from solitary 
mites, walking on explicitly defined substrates. If the effect of contact 
between predator and prey was studied, this was accomplished by putting the 
Prey close to a predator and subsequently removing it after the occurrence 
of the desired action. To obtain a webbed area without any prey, both males 
and preovipositional females were put on a fresh leaf, from which they were 
discarded after about 2 days to prevent egg deposition. The results of the 
analysis of these walking paths are presented in Tables 43 and 44. To get a 
better estimation of the correlation between successive angular deviations, 
°nly the longest walking paths were used. In most cases the auto correla-
tions showed a low level of correlation, if any. When significant values 
occurred ( |0 | > 2/VN; N = total number of steps), these normally indicated 
a first-order auto regressive process. The irregular pattern of positive 
and negative values also supports the conclusion, that the mites do not 
show an autocorrelated walk. The evaluation of the different treatments is 
facilitated by tabulating the linear displacement after 200 step units next 
t° the values of the Tukey parameters and the auto correlations. From these 
displacements it can be concluded that the effect of the starvation period 
is
 rather small, even in combination with previous contact with prey. How-
ev
*r, the substrate appeared to be very important, as was also the case for 
th
* walking velocity. The tortuosity of the walking paths in the webbing is 
«pressed by an increase in the value of the scale parameter a, which in 
*** causes the decrease in the estimated linear displacement. The» P°«*«» 
0f
 the predator on the upper or underside of the leaf does not affect the 
diking pattern, although the walking speed was severely reduced on the side 
fa
'ing downward. Consequently three regions can be distinguished on the 
Wlth respect to the walking speed and the walking pattern: 
* the upperside of the leaf, the mid-rib on the underside of the leaf 
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the stem: fast and straight walk, predominantly edge-oriented 
- the underside of the leaf excluding the mid-rib: slow and straight walk 
- the webbed area of the leaf: slow and tortuous walk. 
Evidently the residence time of the female predator per unit webbed area is 
promoted relative to that per unit of any other plant area. This tendency 
becomes even more obvious when the data on walking activity at the above-
plant regions (Subsection 3.2.5) are considered. 
It may be questioned whether the presence or abundance of prey in the 
webbed area has an additional arresting effect on the female phytoseiids. 
For example, several arthropod predators and parasitoids change their walk-
ing pattern from straight to tortuous after contact with a prey item, pre-
sumably to increase the probability of a subsequent capture of patchily 
distributed prey (Hassell, 1976, p. 50-55). Besided, the walking speed and 
walking activity may decrease when predators arrive at local patches of prey. 
Finally, there may be some patch-specific signal causing the return of the 
predator when it arrives at the edge of the colony. To elucidate the role 
of the above factors in the causation of the residence time the walking be-
haviour is also measured in colonies with prey and experimentally defined 
residence times are compared with estimates, based on simulations of the 
walking behaviour, which assume the absence of specific returns of the pre-
dator, when arrived at the edge of the colony. Both measurements and simu-
lations' are discussed in Subsection 3.4.1. 
To give a general idea of the sensitivity of the linear displacement for 
the parameters of the Tukey distribution and the auto regression coeffi-
MEAN LINEAR DISPLACEMENT 
* = -0.1 
X=-0.85 
0 100 200 500 ' ^ 0 0 
NUMBER OF STEPS 
Fig. 30. Mean linear displacement, expressed in step units, in relation 
to the number of steps moved at different levels of X (a = 0.2). 
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Fig. 31. Mean linear displacement after 200 steps, expressed in step 
units, in relation to the scale parameter a at different levels of the shape 
parameter X. 
cients, three graphs are given based on the mean values of a series of 1000 
Monte carlo simulations. In each graph the mean change in walking direction 
is chosen to be
 Zero and the values of X are those of the approximate uni-
*>» (X = 1), normal (X = 0.14) and Student (A = -0-85) distribution sup-
Plied with one realistic intermediate (K = 0.1). In the first graph (Fig. 
30) the number of steps taken by the animal are varied at a constan eve 
<* the scale parameter. The relation between the linear displacement and 
the distance walked appears to be non-linear. This result is expiated o 
basis
 0f the probability to return to the original position. After one P 
this probability is of course equal to zero. Each successive step, «11 _ -
«ease the probability of return, depending on the tortuosity of thewalking 
Pattern. However, by moving away from the original ^ ^ J ° ^ % a h l e . 
Possible returning paths become more and -re comp ex nd u ^ ^ 
Jn other words, the probability of leaving a circular envi 
»ith enl a r g e m e n t o f t h e circle. with respect to the other graphs^ only the 
^near displacement after 200 steps is given. The second graph (Fig. J 
*°ws
 an exponential increase of the linear displacement 
-lues
 of the scale parameter. Seemingly small - / ^ ^ ^ ^ H i s p l a c e m e n t . 
meter can thus have very important consequences for the lin 
** third graph (Pig. 32) shows the effect of positive and « ^ J ^ 
«* the first-order auto regression coefficient. ^ ^ J ^ ^ ^ T 
- s e «
 c o r r e c t i Q n Q f s h a r p t u r n s in the w a l k i n ^ ^ » ^ 1 . 1 1 , 
less
 opposite turn. As can be seen from the graphs this 
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-0.75 
MEAN LINEAR DISPLACEMENT 
200-
Fig. 32. Mean linear displacement, expressed in step units, in relation to 
the first-order auto regression coefficient a at different levels of X (a 
= 0.2). 
promotes the linear displacement. Positive correlations, however, intensify 
the turnings instead of correcting them, thus causing a decrease of the 
linear displacement. From these simulations it can be concluded, that within 
the range of measured parameter values (-0.4 < X < 0.14; 0.1 < a < 0.6; 
-0.2 < a < 0.2) the value of the scale parameter is most decisive for the 
linear displacement, subsequently followed by the shape parameter, while 
the autoregression coefficients are of minor importance. 
The above method to simulate the walking behaviour of an individual ani-
mal can be extended for the case of two or more animals encountering each 
other. Then the animals are represented by circles and each time step is 
considered to be equal to the quotient of the step size and the walking 
velocity of the fastest animal. For each time step the positions of the 
circles are traced and new encounters registered if the distance between 
the centres of the circles is smaller than half the sum of their diameters. 
Such a model is listed in Appendix D for the simple case of immobile prey 
and equidistant distributions of the prey items. This model is used to exa-
mine the effect ot a tortuous path on the rate of encounter. Imagine an area 
so large that even a straight path of the predator starting at the centre 
!auLns°t r , T U l t ln 9 C ° n f r 0 n t a t i o n "ith the edge. The prey eggs are spread 
I ' 3 ! and 6Ver* « — d by the walking path of the predator is 
affect ;h T °f t h S l a r 9 e a r S a t h e n U m b S r ° f «** removals will hardly 
affect the value of the overall prey density. A tortuous path by the preda-
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tor may give rise, however, to a frequent recrossing of a sub-area previous-
ly freed of prey, so that a prediction of the rate of encounter with the 
aid of Skellam's formula results in an overestimation due to its dependency 
on the overall prey density. On a webbed substrate predatory mites exhibit 
a tortuous walk, independent of the presence of prey (Subsection 3.4.1). 
Therefore a simulation experiment was done at a prey density of 4 eggs/cm2 
over a 1000 step walking track. The simulated mean rate of encounter after 
100 replicates appeared to be equal to 81% of the Skellam's estimate. Of 
course, apart of the eggs and the moulting stages, the mobility of the other 
prey stages lower the probability on local depressions in their density. 
Simulations for the case of mobile larvae resulted in an estimate equal to 
94% of the Skellam's estimate, so that the effect of a tortuous walk on the 
rate of encounter in a prey colony may be considered to be very small. 
3.2.5 Walking activity 
The walking activity of the predator refers to the fraction of the obser-
vation time the animal spends walking. The walking and resting periods were 
measured partly with the aid of the video-equipment described in Subsection 
3-2.2, and partly with the aid of a binocular microscope. During the conti-
nuous observations the start and end of the walking periods were recorded 
on a time scale. The activity is not computed as the quotient of the total 
walking period and the observation time since once a mite starts walking, 
walking during the next time unit is very probable. Therefore to reduce 
these correlations, the activity is conceived as a Bernoulli! variable (0 
°
r
 1) the value of which is determined at random moments during the obser-
vations within the desired limits of the relative food content of the gut. 
The number of determinations of the Bernoulli! variable needed to attain a 
specified accuracy at the 5% level, were calculated with the binomial sam-
pling formula (a = 0.05; d = 0.04 x y / Z d Z & q ? : Pr(|p-P|> d> = a > • The re~ 
suits are presented in Table 45. ••*•** 
The existence of interspecific differences in the level of activity be-
c
°»e clear by comparison of the activity levels under webbed and ™ b b e d 
circumstances. The activity of Phytoseiulvs persimilis decreases due to e 
factor web, almost irrespective of the presence of prey. In « j « * ^ ^ 
activity of Metaseiulus occidentalis seems to be unaffected y e 
*» and the same applies to A^lyseius titens. but * ^ • ' • " " " 19"9?7). 
-ntly ieSS active for abundant prey supply in the webbing (B - - ?>• 
A
—<Ung
 to t h e o b s e r v a t i o n s o f the walking behaviour of »*1V « * * « 
" " « it preferred the thickest parts of the ribs or simi 1« P aces on 
J*- as a resting place. Even when they were present in a we , d « . 
^ of
 P r e f e r e n c e w a s o b s e r v e d. xts activity in the web e m s t 
". »»t this is caused by the fact that only walking a i tx e . 
Pl a c e m e n t were scored. It was frequently observed that g 
typ, 
low 
di 
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Table 45. The activity levels of Tetranychus urticae and females of four 
phytoseiid species in relation to the substrate and the time period of food 
deprivation. Own observations made at T = 20°C and RH = 60-80%. 
Predator 
species 
Time period of 
food deprivation 
(hours) 
Activity (%) 
substrate 
leaf with leaf without artificial 
webbing webbing substrates 
Phytoseiulus 
persimilis 
Amblyseius 
potentillae 
Metaseiulus 
occidentalis 
Amblyseius 
bibens 
0 
24 
48 
120 
0 
24 
48 
0 
48 
120 
0 
6 
12 
30 
56 
120 
144 
168 
Tetranychus 
urticae females 
males 
juveniles 
( + 
( + 
( + 
( + 
prey) 
prey) 
prey) 
prey) 
8 
9 
16 
12 
19 
17 
36 
43 
41 
46e 
82 
97 
94 
48 
34 
4 
5 
4 
68 
82 
66€ 
29 
75 
30h 
14 
10 
16 
39C, 52d 
a. Takafuji & chant (1977); T = 25°C and RH = 75-90% 
b. Mori & Chant (1966); T = 23°C and RH = 76%. 
c Küchlein (to be published); T = 27°c and m = 70% 
d. Fransz (1974); T = 27°C and RH = 70% 
e. Blommers (1977); T = 28°C and RH =
 7°o% 
72 
65-80h 
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On cies moved actively in the webbing, no effective displacement was made, 
rare occasions the predator even became stuck in the webbing with its dorsum, 
presumably due to a lack of long dorsal setae in the centre of its dorsal 
plate. Under circumstances of abundant food the spider mites are much less 
active in the webbing than any predator species studied. This is probably 
due to their predominant feeding activities. When the food source became 
exhausted, the activity of all stages increased, leading to a steep increase 
of the webbing density as measured in Subsection 2.1.6. 
The walking activity of the predators was unaffected after starvation 
periods of more than one day. However Amblyseius bibens showed a definite 
increase in activity after starvation periods of 0.5 days or more. Severe 
starvation induced a lower level of activity in this predator. Hungry 
females of all phytoseiid species were very sensitive to contact. When a 
female spider mite was used to bump against the back of the predators a 
drastic increase of the activity occurred during the subsequent two hours. 
Satiated females were almost unaffected by these actions. From these obser-
vations it can be concluded that the relationship between the hunger status 
and the activity is indirectly expressed by way of disturbance. 
As found for the walking speed (Subsection 2.2.2), the effect of the tem-
perature on the walking activity of the predators is of little or no impor-
tance, especially when the predators are studied in the webbed area of a 
Prey colony (Table 46). Spider mites, however, are probably activated y 
increasing temperatures. This can be derived from the fact that the rate o 
«eb production (Subsection 2.1.6) is increased by increasing temperature, 
in contrast to the walking speed, which is only little affected in the range 
of 15-30°C (Penman & Chapman, 1980; own observation). 
Mori & chant (1966) studied the effect of humidity on the a c t i v l t* 
females of Phytoseiulus persimilis and of Tetranychus urticae. The ac 
°f both prey and predator was reduced by increasing humidity levels 
-er,
 a l t h o u g h t h e q u a l i t a t i v e effects of humidity were clearly ^ ^ e d ' 
«* extrapolation of their results to the plant substrate is not allow 
*» to the use of an artificial substrate. Moreover the reactions of preda 
tor and
 p r e y m a y be different in the webbing of a prey c o l ° n y - ^ ^ a n 
APart from its effect on the mean activity, the substrate a 
«fluence on the activity rhythm. In the webbed area the resting p 
Tab
^ 46. The activity (%) of female phytoseiids residing 
ln
 a prey colony, in relation to the temperature level. 
15°C 20°C 29°C 
taseiulus occidentalis 38 36 41 
^Vtoseiulus persimilis 10 8 12 
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are frequently alternated with walking periods, while on an unwebbed sub-
strate these activities were much less fragmented; in the latter case wal-
king periods and resting periods were longer than those for webbed sub-
strates. This fact and the findings discussed in Subsection 3.2.3 justify a 
modelling approach based on random inter-arrival times of the predator be-
tween its encounters with prey items. 
It is of importance to stress that the factors discussed in this subsec-
tion do not determine the activity in a fixed way. For example, the level 
of starvation does not determine the activity level, but rather determines 
the level of receptivity to stimuli. Also, the substrate does not determine 
the level of activity nor the walking speed; hungry phytoseiid predators, 
when disturbed artificially, can walk very fast in the webbing structure. 
Disturbance by artificial means or by bumping against another mite are not 
the only stimuli evoking bursts of walking activity. For example, when a 
predatory female leaves a prey colony on her own accord (Section 3.4) and 
thus leaves the webbing and enters the unwebbed part of the leaf, the walk-
ing activity and the walking speed is high during the first hour and tends 
to stabilize towards the activity levels given in Table 45. 
3.2. 6 Coincidence in the webbed space 
The three-dimensional structure of the webbing may cause the predator 
and its prey to pass above and below each other. Assuming the occurrence of 
the mites to be equally probable at each position in the webbing, the for-
mula of Skellam can be easily extended to the three-dimensional case by 
taking the mites as spherical units and by measuring the depth of the web-
ing. However, a vertical section through the webbing will certainly show 
that the spxder mites are clustered near to the leaf surface due to their 
predominant feeding activities. Moreover, the eggs of the spider mites are 
or the ma:or part located in the lower layer of the webbing near to the 
toward^f06" D U e t 0 t h l S hetsr°9eneity an extension of Skellam's formula 
ina th three-dln>ensional case would be much too complicated, yet leav-
unconsidPeCUllaratleS ^ ^ W a l k i n5 behaviour of both predator and prey 
two Til Sred" T h l S P r ° b l e m c a n fae solved more easily by multiplying the 
tween r n n a l f ° r m U l a °f S k e U a m with the faction of real contacts be-
the leaf f *** * " * ° U t ° f * U coinciding perpendicular projections on 
with a bin I " ' T h e m e a s u r e m e n t «f this fraction was done by observation 
tion above0" f m i C r ° S C ° p e maintained continuously in a perpendicular posi" 
specified
 a„ *
 P r e d a t
°
r
-
 T h e
 ™*ber of observations needed to attain a 
•-pC^r(.at-r055x rei •- < « ^ - - aid of *» «**? 
this way a rouah L ' = ^ * ^ n < P ^ ) ' ; Pr( |p-Pl > *> = - ) • In 
counter due J \ l " " ° b t a i n e d °* the reduction of the rate of en-
webbmg for three different phases in colony growth: 
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- Phase 1 The webbing intensity brought about by female spider mites in-
creases rapidly in the initial colonization period, but it levels off after 
less than a day as lateral expansion of the web becomes predominant. 
- Phase 2 After hatching of the eggs, the juveniles contribute to the 
production of web. 
- Phase 3 When the new born juveniles have matured, the food demands in-
crease exponentially, so that ultimately the food source will become ex-
hausted, causing an increase of the walking activity of all stages and, 
thus, an increase in the webbing intensity. 
The measurements of the coincidence in these three phases are presented 
in Table 47. These results show that the rate of encounter is being reduced 
by a factor of 45-55% as a consequence of the heterogeneity of the webbing, 
and, that this result is, surprisingly, independent of the predator species 
and the prey stage involved. A more expected result was the decrease of the 
coincidence at the increased webbing intensity on the highly infested rose 
leaf. During a part of these experiments the activity status of predator 
and prey was taken into account (walk-walk, walk-rest, rest-walk). The re-
Table 47. Coincidence in the webbed space between female phytoseiids and 
different stages of their prey at three phases of colony <3rov^h^ 
n = 350-600; prey density = 20-60 mites/cm?; adaptation period -">•>>• 
T = 20°C. 
12 hours; 
Predator 
sPecies 
Prey stage Coincidence (%) 
colony growth colony growth colony growth 
phase 1 Phase 2 Phase 3 
Phytoseiulus 
Persimilis 
Anblyseius 
Potentiliae 
Anblyseius 
bibens 
Met
*seiulus 
occidental is 
eggs 
juveniles 
females 
eggs 
juveniles 
females 
eggs 
juveniles 
females 
eggs 
juveniles 
females 
47.3 
56.2 
50.1 
43.2 
47.8 
55.0 
49.1 
43.8 
43.4 
48.3 
49.0 
33.0 
28.2 
46.3 
52.2 
46.1 
55.8 
24.3 
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Table 48. Coincidence in the webbed space between female phytoseiids and 
mobile stages of their prey at three different combinations of the activity 
of the predator and that of the prey. Prey density = 20-40 mites/cm2; 
adaptation period = 12 hours; T = 20°C. 
Predator Prey stage Coincidence (%) for activity combinations 
species (predator-prey) 
Phutoseiulus 
persimilis 
Metaseiulus 
occidentalis 
larvae 
females 
males 
females 
walk-
45.5 
47.5 
47.2 
50.2 
•walk walk-
48.0 
45.0 
51.1 
49.5 
•res ;tb rest-walk 
52.5 
49.4 
44.0 
48.4 
a. Number of replicates per ratio = 100-150. 
b. Number of replicates per ratio = 200-400. 
c. Number of replicates per ratio = 150-300. 
suits, presented in Table 48, do not show effects of quantitative impor-
tance. A similar conclusion was drawn from measurements of the coincidence 
using hungry predators (Table 49). it may therefore be stated, that - except 
for exhaustion of the food source of the spider mites - webbing acts as a 
constant 'labyrinth' in the predator-prey interaction at the colony level-
It may be worthwhile to point out the difference between the present 
definition of the coincidence in space and that of Fransz (1974). Fransz 
measured the same catalogue of behavioural components of Metaseiulus occi-
dentalis on circular leaf discs of the Lima bean. In addition he recognized 
the problem of spatial heterogeneity in computing the rate of encounter be-
tween predator and prey on these discs. The spatial heterogeneity is caused 
here by the ribs and the edge of the leaf disc. Since predators prefer to 
walk near to these structures in absence of webbing, a smaller leaf area is 
scanned by the predator. Moreover, according to the experimental design of 
the functional response (Küchlein, to be published; Fransz, 1974), the eg*> 
were placed outside the ribbed area and at some distance of the leaf edge-
For these reasons the edge oriented walk causes a spatial heterogeneity re-
ultrng
 ln a reduction of the rate of encounter between predator and P ^ 
c L b e n C d ? n g the P r ° b l e m ^ t h i s Wa*< t h e coincidence on the leaf di-" 
was r e r m i n e d direCtlY ^  WSS d ° n e * « - author, instead of i****** 
Ïent wat" FranS2 (1974)- ™ S W a s accomplished by measuring the ti* 
llZlZTl 7the ribs and near to the e d 9 - ° f the ieaf disc'bein9 Z 
Parently wasted time with respect to the time available for searching t* 
120 
Table 49. Coincidence in the webbed space between 
hungry female phytoseiids and eggs of Tetranychus 
Urticas, n = 150-250; prey density = 20-60 mites/cm2; 
adaptation period = 0.1 hour; time of food depriv-
ation = 2 days; observation period = 1-2 hours per 
predator; T = 20°C. 
Predator species Coincidence (%) 
Phytoseiulus persimilis 46.6 
Metaseiulus occidentalis 44.0 
prey eggs. In this way it was found that 58% of the searching time (133 min-
utes) is being spent inefficiently. This result can be compared with Fransz's 
indirect method, using Küchlein's behavioural observations on the leaf^discs. 
He measured a walking speed of 0.47 mm/s and a walking activity of 39% in 
presence of prey eggs. He also measured the number of encounters during 
6-hour time periods at several densities of the prey eggs on the leaf discs 
and found a linear relation between the number of encounters and the number 
of prey eggs on the 5 cm2 leaf discs, the tangent being equal to 2.236. 
the spatial heterogeneity were to be discarded, the tangent computed accor-
ding to the Skellam formula on the basis of Kuchlein-s b e h a v i ™ r a ^ ^ 
tions would be equal to 5.54 (encounters per 5 cm2 per 6 hour per 
dividing both the directly measured tangent by the estimate\;angTehnet'rate 
estimate of the coincidence is obtained, which amounts to 40.2/o; ^ ^ 
of encounter is thus reduced by 60%, which approximates the origin 
estimate closely. 
3.2.7 Success ratio 
• ,!„ (trichobothria) of 
After detection of a prey with its ™ * « ^ ^ ^
 s u b s e q u e n t l y 
the front legs the predator may move close to its capti 
"- - i l i a r y mouth parts are pushed through the i n t e g u m e n t ^ J P J ^ 
••«while inspecting the prey with its pedipalps. When **
 a t t a c k 
^ngs was noticed during the behavioural ^ ^ ^ Z encounter. 
w
« scored, while tarsal contact led to the registration of 
T<* fraction of successful attacks out of the total number f enc unte s 
^rther
 r e f e r r e d t o as t h e success ratio. This < * ^ ° * ^ M ™ ' 
th
*t of the coincidence in the webbed space, which redu
 e s t i m a t e 
ornate of the rate of encounter between circular items ^ 
<* the rate of tarsal contact. However on an unweb> d 1. f, J 
Wal
*ing predators inspect the area covered less intensively 
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ping front legs, which may laed to a failure to detect a small prey stage 
located in their walking path. In that case another factor should be defined, 
one that expresses the tipping intensity within the area covered by the pre-
dator's circumference. Another complication arises when the prey encounters 
a resting predator at the back. In the webbing, this type of prey-predator 
contact generally results in stimulation of the locomotory activity, but on 
an unwebbed substrate this sometimes caused a quick turn by a hungry preda-
tor and a subsequent attack on the prey. This apparent enlargement of the 
width of perception by the hungry females can be accounted for by multiply-
ing the rate of encounter between active prey and the resting predator with 
a factor, ranging from 0.5 (no turn) to 1. (turn). 
At the start of the continuous observations of the predatory behaviour, 
female predators were used that had been deprived of food for different pe-
riods since satiation. By transferring the predators from the Munger cages 
to the experimental arena with a brush severe disturbance would have been 
brought about very frequently. To prevent this artefact the predatory 
females were transferred on a leaflet, which was placed previously in the 
hunger cage as a refuge for the predators. In this way the predators were 
allowed to enter the experimental arena on their own accord. 
The experimental arena consisted of a prey colony founded after a prece-
ding infection of female spider mites on a rose leaf of an intact plant in 
the greenhouse. These leaves were cut off and placed upside down on wet 
cotton wool in a petri dish. In another series of experiments unwebbed 
leaves were used still connected to a part of their shoot. The shoots were 
put in a test-tube filled with wet cotton wool and closed by plasticine. 
This leaf system formed an easily turnable unit. The prey items were offered 
one by one to the predator, except for the prey eggs, which were deposited 
by female spider mites and subsequently freed of webbing and females using 
a brush. 
During the observations the behavioural elements were scored in a time 
scale. These time series of observations were analyzed afterwards by com-
puting the food content of the phytoseiid gut in a parallel time series on 
basis of the observed ingestion history of the individual phytoseiid 
females and the physiological variables measured in Section 3.1. By divid-
ing the gut content in 20 classes of food contents the encounters between 
predator and prey and the eventual successful attacks among these encoun-
ters were ordered in relation to the level of the food content of the 
Phytoseiid gut. The number of encounters needed to determine the class 
specific success ratio with a predefined accuracy at the 5% level was^om-
puted using the binomial sampling formula (a = 0.05- d = 0.1 x y/ldM^)' 
remn't Y / * = ° * ' ^  ^ " ^ ° f obse^ations per food content class were 
hiïorv of ° a C M e V e t h e d e s i r e d — a c y by manipulating the deprivation 
over the S^ a r t l n9 Predator and the subsequent observation time. More-
er, the normal-
 p r e y d e n s iti e s i n the prey colonies happen to be quite 
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high, e.g. the egg density ranged from 20-60 eggs per cm2 webbed leaf area. 
Therefore many observations can be obtained in a reasonably short time span. 
Most of the observations were made at T = 20°C with colonies containing 
only prey eggs or only larvae and numphs or only females or only males. Some 
observations were done at T = 15°C and T = 29°C in colonies containing only 
eggs. 
The results are presented in Table 50A with respect to the webbed sub-
strate and in Table 50B with respect to the unwebbed substrate. Smoothed 
curves are drawn in Fig. 33 to accentuate the main characteristics. These 
reveal conspicuous interspecific differences among the phytoseiid species 
studied, when comparing the success ratios on webbed and webless leaves. 
The factor webbing induces a lower level of success for the case of Ambly-
seius potentillae, favours Phytoseiulus persimilis and hardly affects Ambly-
seius bibens and Metaseiulus occidentalis. With respect to the prey-stage 
preference, the success ratio curves resemble each other in a qualitative 
sense. Because the ability of the prey to escape from an attack of the pre-
dator increases with its mobility and its strength, eggs are easier to cap-
ture than larvae, etc.; female spider mites are the most difficult stage to 
capture. In a quantitative respect, the prey-stage related success ratio-
curves differ among the phytoseiid species studied. For each predator 
species on its most favourable substrate, the interspecific differences in 
success ratio levels suggest a relation between the body size of the preda-
tor and its predatory success. However, if the food content of the gut is 
«pressed in weight units instead of fractions of the maximum level of gut 
filing, the relation of the success ratio with the satiation deficit of 
the gut does reveal the same but less conspicuous interspecific differences. 
Some notes on the predatory behaviour underlying the measured success 
«tios should be made. The adverse effects of webbing on the success of 
üfilvseius potentillae may not be surprising due to the foregoing notes on 
the restricted mobility of this species in the webbing (Subsection 3.2.2). 
The effect of webbing on the success of Phytoseiulus persimilzs, however, 
needs further explanation. On an unwebbed substrate this predator species 
"alks fast and spends more time in walking. When a female predator of this 
secies bumps into a female spider mite, it turns back and runs away with 
a
* increased walking speed, which indicates disturbance. Mori & Chant (1966) 
"Ported the very same effect. They found only 5 successful stacks among 
480 contacts between Phytoseiulus females and Tetranychus females. At the 
si<* of
 t h e l e a f f a c i n g d o w n w a r d, where the walking speed is lower but where 
diking
 a c t i v i t y i s s t i l l h i g h compared to that in webbing, these effects 
"** observed to the same extent. Apparently the webbed environment, where 
bot
* Predator and prey walk slowly, offers a more favourable substrate, for 
P
^atory activity of this species, disturbance being a rare Phenomenon 
S e c t i o n 3.2.9). With respect to the success ratio against eggs distur-
bai
*e
 w a s n e v e r o b s e r v e d , s o t h a t other factors operate causing 
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SUCCESS RATIO (% 
100 
METASEIULUS OCCIDENTALS AMBLYSEIUS BIBENS 
I I I I — r ~ V ' I I 
PHYTOSEIULUS PERSIMILIS 
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 
RELATIVE FOOD CONTENT OF THE GUT (%l 
Fig- 33. Smoothed curves of t h e s u c c e s s r a t i o i n r e l a t i o n t o the re a ^ 
food conten t of the gu t for four p h y t o s e i i d s p e c i e s on s m a l l prey s tage^ 
(E, eggs; L, l a r v a e ) and a d u l t females (AF); , p r e d a t o r y behaviour 
an unwebbed l ea f ; , p r e d a t o r y b e h a v i o u r on a webbed l e a f . 
decreased success of Phytoseiulus persimilis a g a i n s t t h i s s t a g e 
s u b s t r a t e s . Al-t-h™,,^ 4- _ , _*-4- • 
a t unwel 
fre-"
B M S U C C e s s o f
 ytoseiulus rsimilis i t t i  stage at ui 
substrates. Although tarsal contact occurred, the females left the e, 
gently unharmed without showing a rejective reaction, like running a« ^ 
For some reason their sensitivity in detecting the presence of the prtf 
bexHnt i n a b S e n C e ° f W e b b i n9- p°ssibly the inspection of the si*««.... 
ing intensified in the diversely structured webbing, ensure 
oi a prey bv spvor=i 
Phuto • ö e v e r a i c o n s e c u t i v e c o n t a c t s . Anyhow' i t can 
eiulus persimilis i s ve ry much web o r i e n t e d , b e i n g l e s s 
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s t a t e d 
adap1 
_- :ti"n 
that 
can b e - - ^
 w 
capture a prey when dispersing from webbed area to webbed area, within which 
success is ensured. The disturbance described above was also observed when 
a female of Amblyseius potentillae bumped against an actively walking female 
of Tetranychus urticae at the side of the leaf facing upward. The behavioural 
reactions were very similar to Phytoseiulus persimilis except for the fact 
that hungry females were usually not disturbed but reacted more frequently 
by attack upon contact. In contrast to Phytoseiulus persimilis, the dis-
turbed reactions were almost absent when the female-female contacts were 
observed at the side of the leaf facing downward, where walking speed is 
low. it may be stated that the success ratio depends on the walking speed 
of both predator and prey and because the walking speed varies with the type 
and the position of the substrate (Subsection 3.2.2), the success ratio is 
related to these aspects too. From this point of view it is conceivable that 
the small-sized phytoseiid species, like Metaseiulus occidentalis and Ambly-
seius bibens, are less affected with respect to their success ratio, being 
relatively sluggish and less sensitive to disturbance (Subsection 3.2.2). 
Apart from the influence of the walking speed, also the locomotory acti-
vity of both predator and prey may affect the success ratio. The intensity 
of attack stimuli emanated by the prey may vary with the prey ^ ^ ^ - ^ 
walking prey mite may evoke pursuit by the predator. This effect may as we 
be counteracted by a greater chance of escape. Furthermore the reaction ot 
an active predator to active prey may differ from that of an inactive pre-
dator. For these reasons it may be worthwhile to differentiate the success 
ratio with respect to the state of activity of the attacker and the a t t a ^ 
The elaboration of this behavioural aspect is done for the case of prey ma 
j j J„ Tahip 51. show that 
and females (preoviposition). The results, presented in Table o±, 
*. ,+--i^  Fransz (1974), measuring the differences are small and far from systematic. Fransz ii* 
the success ratio of Metaseiulus occidentalis against prey males, simiJ^ Y 
found small differences between the success ratios of active pre a o 
gainst active/inactive prey males (SRWW =0.038 and SRWR = 0 034) but the 
/cow — n 026). But tnis 
resting predator seemed to react less aggressive (SRRW - u. 
difference is the consequence of his definition of the success ra , 
busses on the successfulness of mutual contacts, whether *** *™ ^ 
encountered frontally, laterally or posteriorly. In the presen ^ ^ 
successfulness was measured in relation to tarsal contact. T h i s 
is more logic from a behavioural point of view, because the P « < ^ £ » » l e 
«»t detects the prey with the tarsae of her frontier A W^ b-P-g 
against the back of a female predator usually evoked locomotory act vation 
- the predator, rather than attack stimuli. ™ ^ J ^ £ ? Z ~ ~ 
hunters with a resting predator are related to the activi y 
*<* 3.2.5, and the frequency of tarsal contact after ^ ^ ^ ^ ^ 
«easured separately. The latter variable, adequately called 
'turning', will be discussed below in this subsection. 
*> elucidate whether the temperature affects the success ratio, 
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experiments were carried out at T = 15 and 29°C using prey colonies with 
eggs only. The results are presented in Table 52. They indicate the absence 
of any temperature effect. On the basis of this preliminary result it was 
supposed that the food content of the gut determines the probability of 
success, while the temperature related rate of gut emptying determines the 
dynamics of the success ratio. This simple hypothesis is tested in some 
prédation and simulation experiments presented in Subsection 3.3.4. 
The success-ratio curves presented in this report resemble those obtained 
by Fransz (1974: Netaseiulus occidentalis vs eggs of males of Tetranychus 
urticae at T = 25°C) and by Rabbinge (1976: Amblyseius potentillae and lar-
vae of Panonychus ulmi at T = 18°C). The present results invariably showed 
a success ratio of about 90% at a low level of gut filling; this was also 
found by Rabbinge (1976) and corresponds with the indirectly estimated suc-
cess ratios of Küchlein (to be published). However the success ratios; mea-
sured by Fransz differed largely, being always less than 50%. Croft (19 h 
studying the predatory behaviour of Metaseiulus occidentalis in relation ^  o 
Tetranychus pacificus, measured the success ratio in a different way. 
measured the percentage of successful capture by predators after two c 
tacts with a particular prey. In the present work an encounter was score 
Table 52. Success ratios (%) of young females of two 
Phytoseiid species in relation to the temperature. 
Eggs as prey; webbed leaf substrate. 
Relative food content 15°C 2 9 ° c 
of the gut 
MO PP M 0 P P 
Mo
 = Metaseiulus occidentalis. 
= Phytoseiulus persimilis. 
7 7 . 5 
9 1 . 4 
8 6 . 2 
3 0 . 1 
1 9 . 4 
1 3 . 8 
9 . 8 
-
-
-
-
-
-
-
-
_ 
7 1 . 
4 7 . 
3 1 . 
6 
.4 
.3 
. 1 
. 2 
70 .4 
82 .3 
8 0 . 1 
30 .8 
23 .0 
14 .7 
9 . 0 
-
-
-
-
-
— 
-
— 
— 
— 
— 
— 
-
76.5 
5 0 . 1 
28 .0 
6 . 7 
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once tarsal contact was noticed, whether it was succeeded by more palpations 
on that particular prey item or not. The next encounter was not scored until 
after the predator had left the prey. Another difference with Croft's work 
is that he withdrew the prey after a predator had captured a particular prey 
stage and had assumed the feeding position. In this way the predators ob-
tained little, if any, food, so that they could be used again after further 
starvation. A final difference is that encounters resulting is disturbance 
were excluded from the computation of the success ratio. Croft observed 
that direct frontal approaches of the predator to the adult female prey 
nearly always resulted in an avoidance response by the predators at all 
starvation times, and these were not counted, while they were included in 
the present experiments. For these reasons the results of both studies are 
not comparable, except for the fact that he found 90% success ratios after 
1 day starvation, which corresponds with the author's results. 
The effect of a less intensive inspection of the area covered by the pre-
dator was studied simultaneously during the behavioural observations. As 
discussed before this aspect of searching should be investigated separately 
at the unwebbed substrate but not at the webbed substrate, because it is 
implicit to the definition of the coincidence in the webbed space. The ob-
servations indicate that small prey, e.g. eggs and larvae, were only over-
looked by the predatory females of the large species when walking at the 
side of the leaf facing upward. It was estimated that Phytoseiulus persimi-
lis missed about 30% of the eggs in their walking path, while Amblyseius 
potentillae missed less than 10%. On the underside of the leaf these large 
predators walk more slowly and hence inspect their walking paths much more 
thoroughly. The other two phytoseiid species (Metaseiulus occidental!* and 
Amblyseius bibens) walk relatively slower and are small sized, so that any 
prey stage located in their walking path is detected. 
An encounter of a mobile prey with the back of the predator resulted a 
few times in a turn of the predator towards the encountering prey so that 
tarsal contact occurred after non-tarsal contact. This phenomenon was very 
rarely observed in the webbing, probably due to the restricted mobility on 
this substrate. Amblyseius potentillae, in particular, showed a turning re-
sponse on unwebbed substrates, m Table 53 the relative frequency of turns 
towards prey females encountering the back of Amblyseius potentillae (?) 
are given. It is clearly demonstrated, that the width of tarsal perception 
is enlarged by prolonged starvation. Apart from the turning reactions the 
predator also reacted by forward locomotion as a consequence of the en-
counter. The relative frequency of this behavioural reaction is also given 
xn Table 53. This variable, too, appears to depend on the time of food de-
privation. After the prey is punctured by the predator a success is recorded, 
the T V ! " ' * S ° 0 n after' H 0 W e V e r< * "»y *- questioned whether feeding W 
talitv f r reSUltS ln t h S d S a t h °f t h e Prey. Hoyt (1970) studied the mor-
tality
 0f different prey stages of the McDaniel spider mite after short pe-
130 
Table 53. The r e l a t i v e f r e q u e n c y of t u r n i n g of a female p r e d a t o r 
(Amblyseius potentillae) t owards a female p r e y e n c o u n t e r i n g t h e back 
of the p r e d a t o r . T = 20°C; each v a l u e i s based on a minimum of 170 
encounters . 
Relative food c o n t e n t R e l a t i v e f requency of R e l a t i v e frequency of 
of the gu t , o r d e r e d t u r n i n g a c t i v a t i o n s 
in c l a s s e s 
0- 20 
20- 30 
30- 40 
80- 90 
90-100 
0 .64 
0 . 2 1 
0 .05 
0 .02 
0 .00 
0.29 
0.64 
0.22 
0.04 
0 .01 
a 
an 
riods of f e e d i n g by f ema le s of Metaseiulus occident.Us. These i n v e s t i g a t i o n s 
revealed t h a t a h i g h p e r c e n t a g e of eggs and l a r v a e of t h e p r ey a r e £ " " * 
af ter be ing fed on f o r 5-30 s e c o n d s . Feeding p e r i o d s of 30-120 s e c o n d s c a u s e d 
a high p e r c e n t a g e of m o r t a l i t y among t h e nymphs and 5 minute * « ^ » 
adult female s p i d e r m i t e s r e s u l t e d i n on ly 40% m o r t a l i t y , ™ * £ B ^ * g 
reduced o v i p o s i t i o n by t h e s u r v i v i n g f e m a l e s . Van de V n e ( 
found 50% m o r t a l i t y among a d u l t females of Panonychus *™ * * * ^ J ^ 
l ing p e r i o d s of M*lyseius potentillae. He r e p o r t e d t h a t t h i s ™ ^ * ™ 
„^ = f o r w a r d s . A comparison o i 
e s t a b l i s h e d w i t h i n one day and d i d n o t i n c r e a s e a f t e r w a r d s . F 
sent b e h a v i o u r a l o b s e r v a t i o n s ( S u b s e c t i o n 3 . 2 . 8 ) snow 
very sma l l p a r t of t h e t o t a l f e e d i n g p e r i o d excep t fo r t h e r a r e 
a t t a c k of a s a t i a t e d female p r e d a t o r on a female s p i d e r m i t e ^ ^ ^ ^ 
Apparen t ly t h e p r o b a b i l i t y of a s u c c e s s f u l cap ture^ i s r e a ^ 
content of t h e g u t . However, t h e r e a r e two e x c e p t i o n s t o
 x 
which s e t l i m i t s t o t h e a p p l i c a b i l i t y of t h i s ™ l r t " ° ' J 1 ^ ' ' p r e g e n t e x _ 
s ta rved p r e d a t o r s can r e s p o n d d i f f e r e n t l y t o t h o s e use i n ^ ^ ^ ^ ^ ^ 
Per iments , which a r e s t a r v e d f o r no l o n g e r t h a n 2 days, a
 i n d i c a t e d 
dehydrated s t a t e , Aml>lVseius potentillae i s ve ry a g g r e s s ^ ^ ^ ^ 
by the i n c r e a s e of t h e s u c c e s s r a t i o a g a i n s t female^ s p i ^ 
food c o n t e n t s i n i t s g u t . One meal on a female s p i d e r ***™
 Q£ & ^ _ 
* * t o be f i l l e d c o m p l e t e l y , so t h a t t h e « * « ^ P ^ ^ 
« s s f u l c a p t u r e i s e x p e c t e d t o be v e r y low, acco a
 a p p e a r e d t 0 m a i n t a i n 
However, s e v e r e l y s t a r v e d females (6 days a t T ^ ^ ^ ^ ^ ^ second 
a
 high s u c c e s s r a t i o a f t e r t h e i r f i r s t meal , an ^ ^ ^ ^ ^
 Q f 
m
^al t h e s u c c e s s r a t i o was h i g h e r t h a n e x p e c t e « measurements 
f« - j • i „ac v e r v low acLui."-"'3 
i n g e s t e d a f t e r t h e f i r s t meal was vexy 
ood
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Table 54. The success ratio (%) of young and 
hungry females of Ambluseius potentillae against 
adult females of Tetranychus urticae. T = 20°C; 
observation time maximum 6 hours per individual; 
each value is based on a minimum of 200 encounters. 
Prédation history Starvation periods 
2 days 6 days 
first success 32.5 33.8 
second success 1.2 29.4 
third success - 8.4 
fourth success - 1.0 
of the female weight, so that this predatory behaviour is induced by other 
motivational variables than the acquired amount of food. Presumably the per-
sistence of aggressiveness is caused by the relaxation time of the pnysi 
logical processes, leading to recovery of the metabolic imbalance. In c 
trast to Amblyseius potentillae, severe starvation of Metaseiulus occiden-
talis led to a lower success ratip than found after 2 days food deprivation. 
This effect was clearly related to their loss of strength, as indicated Y 
the decrease in walking velocity and their sluggish reactions. Both the 
creased and decreased aggressiveness after severe starvation are not uniq 
for the species mentioned, but were observed more frequently in these par 
ticular cases. Apart from this lower limit to the applicability of the foo 
concept there is also an upper limit caused by high rates of encounter wi 
prey. Küchlein (to be published) found a second rise of the rate of egg 
prédation by Metaseiulus occidentalis above the density of 30 eggs per 
Because the female predators are certainly well fed at these densities, 
' Vil V 
phenomenon can not be related to the food content of their gut but possi 
to some stimulus resulting from frequent contact with prey. 
These examples clearly demonstrate the limitations of food consumption 
as an indicator of the hunger level. Nevertheless, with respect to the rang 
of conditions relevant in the greenhouse the use of food consumption is ac-
ceptable; for, the lower limit will be only relevant after extermination o 
the prey population and the upper limit at frequent prey contact is V^obab 
not met within the range of prevailing prey densities. Although the effe<* 
of frequent contact was assessed at a seemingly realistic egg density of ^ 
eggs per cm?, it should be stressed that the rate of egg encounter is »th^ 
high in these experiments due to the absence of webbing. In the case of «e 
seiulus occidentalis the difference in rate of encounter between webbed an 
cm2-
this 
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unwebbed substrates is approximately proportional to the difference in walk-
ing velocity so that the critical egg density in a web amounts to 40 x 
0.47/0.18 = approximately 100 eggs per cm?. Such high prey densities were 
never measured in natural colonies grown on greenhouse roses, even with 
respect to all stages. These densities ranged between 20-60 prey items per 
cm? and occasionally densities up to 80 mites per cm? were observed. For 
these reasons it is allowed to apply the simple concept of food consumption 
for the purpose intended. 
3.2.8 Handling time 
The time spent handling a captured prey was also measured during the 
continuous observations of the predatory behaviour and subsequently it was 
related to the food content of the gut according to the method described in 
the previous subsection. The handling time consists of several activities, 
like palpating, piercing, feeding, 'guarding' and return feeding. Hungry 
predators feed almost immediately after contact with their prey, but well 
fed predators spend more time in initial palpating and piercing. Feeding is 
frequently interrupted for a short period and subsequently continued on 
other parts of the prey, especially when the prey is a deutonymph or an 
adult, A few times the predatory female seemingly left its captive, but 
subsequently returned towards the prey and started to feed again. At other 
occasions the predator was observed to sit and wait next to its captive 
during a handling period, cleaning its extremities in the mean time. The 
actual feeding period during handling amounts to 90% in the young stages of 
the prey and 60-70% when feeding on mature prey. 
The mean handling times at different levels of gut filling are t a b u ^ d 
in Table 55 in relation to the developmental stage of the prey. It can e 
concluded that the handling time increases with developmental P ™ * » " 1 " 1 
<* the prey and with the period of food deprivation. The latter effect 
also found by Putman (1962), Sandness
 & McMurtry (1972) and Frans, (1974> 
Some peculiarities concerning the species studied may be noticed Axbly 
«**.« Potentiate spends little time in the handling of spider mite, egg.. 
*s ^ cussed
 b e f o r e, t h i s i B d u e t o this species having some P' > » ^ 
Pacing the egg chorion (Subsection 3.1.1). The majority of the feed g 
tempts fail, b u t s u c c e s s f ui feedings were observed too and 
Periods were equal to those observed in the other species. * « " " ^ J J 
- e harmed by the piercing attempts, the time ^ - ^ ^ 
as
 a handling period despite the absence of W ' * ™ - ™ * " * * ^
 t n e 
st
«died ingest the content of the eggs without any problem in piercing 
^ chorion. Pnvtoseiulus persimilis requires less time in emptying t h j g 
^n * e t a s e i u l u s o c c i d e n t a l i s and Mtblyseius bibens. ^ ^ ^ 
^cies spend equal amounts of time in handling the other stages 
prey. 
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3. 2. 9 Disturbance 
In the acarine predator-prey system, disturbance shows itself in several 
ways: 
- as a decrease in the probability on a successful capture, e.g. in case 
of frontal encounters between a female predator and a female prey, both 
walking on an unwebbed, upward-facing substrate (Subsection 3.2.7) 
- as an increase in walking speed, e.g. after frontal contact between ac-
tive adults 
- as an increase in walking activity, e.g. after contact between a resting 
predator and an active stage of the prey resulting in reactivation of the 
former (Subsection 3.2.5) 
- as a decrease in the width of perception, e.g. after contact avoidance, 
lateral inspection by the antennae-like frontlegs (Subsection 3.2.1) de-
creases, resulting in a decreased width of 'antennal' perception 
- as a decrease in the handling time, e.g. feeding predators being inter-
rupted by prey bumping into the predator (Mori, 1969) 
- as an increase in the success ratio of feeding predators, e.g. the prey, 
bumping into the predator, is immediately attacked (Haynes & Sisojevic, 
1966; Sandness & McMurtry, 1972; Hoyt, 1970). 
The effects of the above types of disturbance on the functional response 
of phytoseiid predators to prey density are considered to be very important 
by various authors. Mori & Chant (1966) attributed the dome shape of the 
functional response of Phytoseiulus persimilis to contact disturbance o 
feeding predators by the numerous female prey. Sandness & McMurtry (1972, 
found a second rise of the rate of prédation at prey densities of 10 females jr„i
 a4-t-arks of the feeding Per cm2. This effect was attributed to successful attacks ox ^ ^ 
Predators on the prey occasionally bumping into them. Hoyt (1970) sugg , 
that this »two flies in one blow» principle will increase the * ^ ° l 
efficiency in reducing prey populations at high densities. Laing S< Osborn 
("74), offering prey males instead of females, did not find any decline 
rise of the functional response at high prey densities. 
It should be stressed that disturbance is a consequence of the vig 
tbe interference. Activation and disturbance are brought about by higwal 
kl
"g speed and high walking activity. Consequently, the si 
«* the substrate are very important. Because the above studles o f 
ttonal response were carried out on artificial substrates p a e r . ^ ^ 
it may be questioned whether disturbance is important on nat 
-rson
 ( 1 9 7 9 ) s h o w e d t h a t the rate of ^ ^ ^ ^ ^ ^ ^ 
^strate was only a fraction of that on the « * * £ « . ! ^ 
<* their prevailing feeding activities. On a ^ J ^
 l o w w a l k i n g 
b
* even more conspicuous due to low coincidence in the webb g, 
- d and low walking activity. Hence it may be q — ^ £ £ £ ? « * 
Terences in the webbing are vigorous enough to cause 
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whether t h e s e d i s t u r b a n c e s o c c u r f r e q u e n t l y a t t h e p r e y d e n s i t i e s p r e v a i l i n g 
in the g reenhouse c r o p . T h i s q u e s t i o n was s t u d i e d by r e c o r d i n g t h e walking 
behaviour and t h e e n c o u n t e r s i n p r e y c o l o n i e s , grown on greenhouse ro se s 
and c o n t a i n i n g a l o t of m o b i l e s t a g e s . Two t y p e s of c o l o n i e s were s e l e c t e d : 
- co lonies w i t h 20-40 nymphal and male s t a g e s p e r cm2, p l u s a few females 
- co lonies w i t h eggs and 10-15 females p e r cm2 . 
One p r e d a t o r y female of Metaseiulus occidentales o r Phytoseiulus persi-
milis was r e l e a s e d on each l e a f and t h e o b s e r v a t i o n s s t a r t e d h a l f a day 
la te r . The r e s u l t s a r e p r e s e n t e d i n Table 56 . I t can be concluded t h a t for 
both p h y t o s e i i d s p e c i e s and b o t h t y p e s of p r e y c o l o n i e s , d i s t u r b a n c e dur ing 
feeding i s a r a r e phenomenon and t h e walk ing speed and walking a c t i v i t y of 
both p r e d a t o r and p r e y a r e u n a l t e r e d when compared t o t h e da t a ob t a ined i n 
colonies c o n t a i n i n g few, o r even no , mobi le m i t e s . When a female p rey en-
countered a f e e d i n g p r e d a t o r , t h e p r e d a t o r mos t ly con t inued feed ing and i n 
the r a r e ca se of f e e d i n g i n t e r r u p t i o n t h e p r e y c a p t i v e was a l r e a d y sucked 
dry, while a t t a c k on t h e d i s t u r b e r was observed only once . D i s tu rbance phe -
nomena may o c c u r upon e x h a u s t i o n of t h e p l a n t food s o u r c e , caus ing t h e s p i -
der mites t o i n c r e a s e t h e i r locomotory a c t i v i t y i n s e a r c h of f r e s h food. 
However t h i s s i t u a t i o n was n o t s t u d i e d because i t i m p l i e s an i n f e s t a t i o n by 
spider mi t e s t h a t s u r p a s s e s an economica l l y a c c e p t a b l e damage l e v e l . 
3.3 PREDATION 
The prédation will be modelled for the case of a predator whose gut fil-
ling determines the relative rate of successful attack (- RSE for Dprey 
The dynamics of the food content of the gut is simulated by integration of 
the rate of food intake and the rate of gut emptying over short time inter-
vals. By assuming that each predator in a series of simultaneous' P ^ * 1 ^ 
experiments consumes uninterrupted by searching periods and at t e sam^ 
squires the same portion of food, foraging would be conceived as a determ 
»tic process. However the random distribution of the prey and the undire -
ted searching behaviour of the predator give rise to sequences otf«*£* 
«* searching periods that are subject to stochastic variation. For th 
reason each predator goes through a unique time series of f ^ J ^ 
» that at one moment during the prédation process each 
* «afferent amount of food in its gut. Therefore stochastic mod 1 ^ of the 
Prédation process are discussed and subsequently compared with deterministic 
Vogues to elucidate the effect of the underlying concepts. 
After selection of the most adequate model from the above po nt of v 
* -ries of prédation experiments on both webbed and unwebb• • ^ £ 
-e discussed a n d c o m p a r e d w i t h appropriate ^ * * ™ £ . £ £ £ i t is 
»»-«red inputs and the concepts underlying that model. S « ^ * 
: r : U e d that the majority of the - ^ ^ i ^ ^ - ^ 
0r
 zero prey density, at a standard temperature and in 
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s tudying s o l i t a r y p r e d a t o r s o n l y . T h i s r a i s e s t h e p r o b l e m of how to extra-
p o l a t e those measurements t o i n t e r m e d i a t e p r e y d e n s i t i e s , o t h e r temperatures, 
age pe r iods and p r e d a t o r d e n s i t i e s ? Hence a c o n c e p t o f t h e r e l a t i o n between 
reproduc t ion and p r é d a t i o n i s p roposed on t h e b a s i s o f e x p e r i m e n t s previ-
ously d i scussed i n Subsec t ions 2 . 2 . 3 and 3 . 1 . 2 , which e n a b l e s extrapolat ion 
i n a simple way. Some v a l i d a t i o n s of t h i s c o n c e p t a r e p r e s e n t e d . 
F i n a l l y , t h e r e i s t h e s i m i l a r p rob lem of e x t r a p o l a t i n g measurements of 
'monocul ture ' success r a t i o s t o 'mixed c u l t u r e s ' o f p r e y s t a g e s . This is 
d i scussed on the b a s i s of t h e b e h a v i o u r m e a s u r e m e n t s d e s c r i b e d i n Section 
3.2 and of t h e a v a i l a b l e r e f e r e n c e s p e r t a i n i n g t o p r e y - s t a g e preference of 
phy to se i i d p r e d a t o r s . 
3. 3.1 Models of prédation 
Ensuing from t h e b e h a v i o u r a l component a n a l y s i s ( S e c t i o n 3 . 2 ) , prédation 
i s determined by t h e food c o n t e n t of t h e p h y t o s e i i d g u t , which i n turn de-
pends on food i n t a k e and gu t emptying ( S e c t i o n 3 . 1 ) . I n CSMP n o t a t i o n , the 
dynamics of such a system can be s i m u l a t e d by t h e f o l l o w i n g numerical inte-
g r a t i o n : 
FCG = INTGRL (IFCG, RFI - RGE) 
RGE = RRGE * FCG 
(I)FCG = ( i n i t i a l ) food c o n t e n t of t h e g u t (pg ) 
RGE = r a t e of gut emptying ( p g - d a y - 1 ) 
RRGE = r e l a t i v e r a t e of gu t emptying ( d a y - 1 ) 
RFI = r a t e of food i n t a k e ( ( j g - d a y - 1 ) 
Because of t h e small t ime c o n s t a n t of t h e i n g e s t i o n p r o c e s s and the short 
du ra t i on of t h e hand l ing p e r i o d needed f o r 90% of t h e u l t i m a t e food intake, 
i n g e s t i o n may be conceived as an immedia te swa l low of t h e p r e y conten t , the 
s i z e of the p o r t i o n be ing l i m i t e d by t h e s a t i a t i o n d e f i c i t of t h e gut (Sub-
s e c t i o n 3 . 1 . 1 ) : 
RFI = AMIN1(SDG/DELT, RSE * FCP) 
SDG = GUTC - FCG 
SDG = s a t i a t i o n d e f i c i t of t h e g u t ( M g ) 
GUTC = gut c o n t e n t (M g) 
FCP = food c o n t e n t of t h e p rey ( M g ) 
RSE =
 r a t e of s u c c e s s f u l encoun te r ( p r e y d a y " 1 ) 
hav J T 6 ° f S U C C e S S f u l « c o u n t e r can be computed from t h e measured be-
hav ioura l components and p r ey d e n s i t y : 
RSE = l . /TSC 
TSC =
 F T + 1 / ( R R E , C O I N ^ S R ^ D p R E Y ) 
II' I fm*S*^ P- successful capture (day) 
T
 - beding-time (day) 
RRE = 
atxve rate of encounter = RE/DPREY (day"1) 
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SR = success ratio (%) 
COIN = coincidence in space (%) 
Several of these behavioural components positively influence the rate of 
successful encounter at low levels of gut filling. For example, the success 
ratio increases if the food content of the gut decreases (Fig. 34). At a 
constant density of the prey, sooner or later the rate of food intake will 
become equal to the rate of gut emptying. Then the food content of the gut, 
and consequently the rate of prédation, attain a constant level and the pré-
dation process enters a steady state. 
However, as a consequence of prédation prey density decreases unless each 
prey killed by the predator (or by other causes) is replaced immediately by 
a fresh one. Because immediate replacement is generally impracticable, the 
rate of prédation in that case is not assessed at a steady state, due to a 
changing prey density. In case of fixed time delays of prey replacement the 
fluctuation of the prey density can be monitored during the simulation in 
the following way: 
DPREY = INTGRL (IDPREY, (-RSE/AREA) + (REPL * ( IDPREY-DPREY)/DELT) ) 
REPL = IMPULS (0., REPDEL) 
(I)DPREY = (initial) density of the prey (prey/cm2) 
AREA = experimental leaf area (cm2) 
REPL = replacement action (0 or 1) 
REPDEL = time delay of prey replacement (day) 
The fluctuation in prey density can be damped by enlargement of the ex-
perimental leaf area and by shortening of the time delay of prey replacement. 
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Adequate manipulation of these measures can approximate a steady state of 
the prédation process within the limits of practicability. 
The above type of simulation (Appendix E) is called deterministic, because 
each moment in the prédation process allows for only one possible state of 
the system. The predators are considered to be identical foragers, each con-
suming the same portion of 'crumbs' of the prey 'cake'. Moreover, consump-
tion takes place uninterrupted by searching periods, while the size of the 
food portions vary in time due to the dynamics of the satiation level of 
the predator. It goes without saying that the actual prédation process is 
quite different from this picture. The random distribution of the prey and 
the undirected searching behaviour of the predator cause the searching 
periods to be variable and bounded by discrete feeding periods, so that 
each predator has a different amount of food in its gut at one instant 
during the prédation process. Therefore it may be worthwhile to consider 
stochastic models that take into account the instantaneous variation of the 
motivational state. 
Monte Carlo simulation of the predatory behaviour may serve as a first 
illustration of a stochastic model. In a mite colony the searching behaviour 
of the predator and the spatial distribution of the prey are approximately 
random, so that the inter-encounter periods will be random too. In this case 
the inter-encounter periods, as well as the inter-attack periods (Fransz, 
1974), meet the conditions of a Poisson process. The probability of no suc-
cessful attacks is then equal to EXP (-RSE * TIME), so that in a sufficient-
ly short interval (= BELT) at most one single prey can be attacked. Hence 
the probability of a capture in DELT is equal to: 
PRC = 1. - EXP(-RSE * DELT) 
PRC = probability on a capture 
The capture events can be obtained from a comparison between PRC and 
random drawings at consecutive time intervals from a uniform distribution, 
ranging from 0 to 1: 
RDRAW = RNDGEN(U) 
INCON U = 3 
CATCH = INSW(PRC - RDRAW, 0. , 1. ) 
U = starting value of the random number generator (RNDGEN) 
RDRAW = random drawing from a uniform distribution ranging from 0 to 1 
CATCH = indicator of
 a catch event (0 or 1) 
When CATCH equals zero, the predator is searching; CATCH = 1 denotes a 
catch event, m this way sequential time intervals of searching are simula-
thé' i n n t e " U P t l ° n S f ° r ^gestion are simulated as discrete moments, so that 
lows ° n S t a t e m e n t ° f «deterministic »»«tel can be modified as fol-
RFI = CATCH * AMINKSDG, FCP)/DELT 
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Thus food intake takes place as an immediate swallowing of the food con-
tent of the prey during a time interval in which CATCH happens to equal 1. 
An example of such a simulation is presented in Fig. 35, which shows the 
course of the food content of the gut during a foraging period. 
From random draws for a series of DELTs, the feeding history of an indi-
vidual predator can be simulated. To obtain an accurate estimate of the mean 
number of prey attacked, a large number of reruns are required, e.g. at least 
100, which makes Monte Carlo simulation a computer-time consuming procedure. 
The program is listed in Appendix F. 
The above formulation of a stochastic prédation process can be extended 
in several ways. The capture event and simultaneous swallowing of the prey 
content can be replaced by an explicit feeding period and a dynamic inges-
tion process (e.g. Fransz, 1974; in contrast to Fransz's model, the feeding 
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time in the model discussed above was only considered as waste time with 
respect to the time available for searching). Another extension can be ac-
complished by coupling the model of the walking behaviour of predator and 
prey to the above prédation model, which is especially attractive in case 
of non-random distribution of the prey (Subsection 3.2.4). In that case the 
rate of encounter (RE = RRE * DPREY) is replaced by simulation of the walk-
ing behaviour of the predator (and prey) at a certain distribution of the 
prey. At the moment of a simulated encounter the occurrence of a successful 
attack can then be determined by the same type of Monte Carlo procedure but 
where the probability of a capture (= PRC) equals the product of the coinci-
dence in space and the success ratio (= COIN * SR). However, because imme-
diate swallow of the prey content is not far from reality, and the intra-
colony distribution of the prey is close to being random, both extensions 
were considered to be irrelevant to the present problem. Besides, the minor 
effect of 're-crossing areas already visited by the predator1 can be ac-
counted for by simple correction if necessary (Subsection 3.2.4). 
By confining the simulation problem in this way the computer-time con-
suming Monte Carlo simulations can be replaced by ones based on gueueing 
theory (Saaty, 1963). Taylor (1976) and Curry & DeMichele (1977) recognized 
the analogy between a queue of clients, waiting to be treated by the den-
tist and the 'queue' of ingested prey 'waiting' in the gut to be digested, 
resorbed and egested by the predator. The treatment time is equal to the 
time needed for digestion, resorption and egestion of the mass equivalent 
to one prey, referred to as 'gut-emptying time'. The gut content is divided 
in^classes, also equivalent to the mass of one prey. At full satiation (= 
N class) no successful captures can take place, while the rate of gut 
emptying equals zero in case of an empty gut (= zero class). Based on a 
Poisson distribution of the searching periods and an exponential distribu-
tion of the 'gut-emptying time', a set of N+l difference equations can be 
derived by computing the short interval changes in the relative frequencies 
(= Pn(t)) of predators at each satiation class n (0 < n « N). For a small 
time increment DELT at most one prey can be encountered, so that pn(t+DELT) 
can be computed from Pn(t) by summation of the following transition proba-
bilities: 
- the probability to capture and ingest one prey mass without simultaneous 
resorption of a mass equivalent to one prey, causing an increase of the food 
content of the gut from class n-1 to n 
the probability to capture and simultaneously resorb the mass equivalent 
to one prey, resulting in the absence of a change in the food content of 
the gut (= n) 
- the probability of no capture and no resorption, resulting in a constant 
level m the food content of the gut (= n) 
the probability of
 n o capture and one prey mass resorbed, causing a de-
crease of the food content of the gut from class n+l to n. 
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The probability of a capture of one prey mass can be found from the fol-
lowing formula (CSMP notation is not used in all subsequent formulas): 
? 
PRC = 1 - exp(-RSE * DELT) = 1 - (1 - RSE * DELT + -*
 T\ " ) 
Neglecting the terms involving DELT2, this formula can be simplified: 
PRC = RSE * DELT 
Because RSE depends on the amount of food in the gut, this formula can be 
rewritten by adding the suffix n, which indicates the satiation class: 
PRCn = RSEn * DELT and PRCN = RSEN = 0 
The probability of the resorption of one prey mass ingested can be com-
puted in the same way after calculation of the time needed to resorb the 
mass equivalent to one prey at different levels of the food content of the 
gut (0 < n < N) : 
PRE^ = RGE1 * DELT and PRE« = 0 
n n u 
RGEln = l/TGEl and RGE1Q = 0 
TGEln = ln(n/(n-ONE))/RRGE for (1 < n < N) 
ONE =0.99 
PRE = probability to empty the gut with a mass equivalent to one prey 
TGE1 = time required to empty the gut with a mass equivalent to one prey 
Now i t i s possible to give the formulas of the above four transition pro-
babilities, which form the elements of a summation of a l l possible ways 
arrive at sa t ia t ion level n after a small time increment DELT: 
" V i * 1 ) * (1 - PREn) * PRCn 
" Pn(t) * PRE * PRCn 
" Pn(t) * (1 - pREn) * (1 - PRCn) 
" Pn+1(t) * PRE * (1 - PRCn) 
o f small DELT, so that 
Again, the terms involving DELT2 drop out in case o ^
 g . 
the distribution of the predators over the satiation c l a S S e S 
lated by recursive use of the following set of difference equations, 
ting from any i n i t i a l d is t r ibut ion of Pn(t=0): 
Pn(t+DELT) = p ( t ) * (1 - (RSEn+RGEln) * DELT) + . . . ^ 
p
 l ( t ) * RGEln+1 * DELT + p ^ t t ) RSEn-l p n + l ^ n+1
 p R E D ) i s equal to 
The expected number of prey ki l led per time interval .i ^ ^ ^ ^ ^ 
the amount of food consumed in DELT, which can be compu e 
f <-vio satiation ievGj.=, c-
rence between the successive distr ibutions of ttie ^ j . 
the amount of food resorbed from the gut during time in 
N N
 ^+DELT) * RGEln * D E L T 
PRED =
 z ( (t+DELT) - p n ( t ) ) + Z n Pn<t+DELT) 
n=0 n n 
• 4-^ ^T, found by adding the 
^he cumulative number of prey ki l led (= CUMPRD) « then 
lnstantaneous values of PRED. 
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3imu-
s t a r -
When prey density is kept constant by immediate replacement of the prey 
killed by the predator, the rate of food intake will become equal to the 
rate of gut emptying sooner or later, so that the prédation process enters 
into a steady state. The relative frequencies of predators at the different 
satiation levels can then be solved directly by equating the differential 
quotients to zero: 
dPn p (t+DELT) - p (t) 
pA ( t ) = dt^ = L i m — DËLT = ° 
n d t
 DELT-0 D E L T 
The equations obtained can be rearranged as follows: 
RGEln+1 * p n + 1 - RSEn * p n = RGEln * p n - RSE 
'n-1 pn-l 
Because
 P(J(t) = RGE11 * p± - RSEQ * pQ = o, the right hand side of the re-
arranged equation is equal to zero at consecutive values of n (n = 1,2,3,...] 
This results in the following simple equation, showing that p is proportio-
nal to p n_ i : n 
RSEn-l * Pn-1 = R G E 1n * P n 
After selection of an arbitrary starting value of pQ, the values of p n 
(n = 1,2,3,...) can be computed consecutively with this equation. Subsequent 
rescaling of the p n values such that I p = i produces the steady-state 
n=0 n 
distribution of the predators over the satiation classes. In this special 
case the formula of the number of prey killed during DELT (= PRED) reduces 
to the term that computes the amount of food resorbed during DELT: 
N 
PRED = 1 p *
 R G E 1 * D E L T 
n=0 n n 
Thus it is possible to compute directly the rate of prédation at steady-
state conditions instead of by numerical integration over small time incre-
ments. Moreover, as long as prey density is kept constant in some way, the 
number of prey killed can also be computed over any time interval starting 
from any initial distribution of the satiation levels (= p (t=0)). This is 
done by matrix algebra, as is shown in Appendix G. However", when the prey 
density is changing in time, and consequently RSE too, the set of difference 
equations representing the queueing process can only be solved by numerical 
integration over small time increments (= DELT). m the foregoing discus-
sion of the queueing approach it was assumed that the gut content could be 
divided into classes equivalent to the mass of one prey. However, as shown 
in ^section 3.1.1, the predatory mite does ingest the prey content par-
tially when the satiation defecit of the gut is smaller than the food con-
strucln !rey' T h l S a S P e C t C a n b S i n C l U d e d i n t h e *»«•*»* -del by con-
one prev r t l 0 n C l a S S 6 S 6 q U i V a l e n t to . only a fraction of the mass of 
Y (e.g. 0.5
 M g ) . T h e n t h e a m o u n t Q f foQd i n g e s t e d b y ^ p r e d a t o r 
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may exceed the amount of food equivalent to one class and can be expressed 
in terms of class units: 
ENLARG = NCLASS/GUTC 
f = min(FCP * ENLARG, N - n) 
(SDG = N - n) 
ENLARG = factor accounting for the enlargement of the gut size (and prey 
size) due to subdivision in satiation classes (Nclass) 
f = food intake of a successful predator at satiation level n, 
expressed in class units (= INTEGERS) 
In this way ingestion is represented as a discrete jump over f classes, 
so that the term in the queueing equations that represents the ingestion of 
one prey item up to state n is equal to RSEn_f * Pn_f (f < n « N-l), instead 
of RSEn_1 * p The maximum satiation level can thus be attained via com-
plete a'nd partial ingestion of the prey content, i.e. starting from each 
class in the range of N-f to N-l. In that case the ingestion term of the 
queueing formula is equal to T* RSEn * p . As a consequence of partial 
n=N-f 
ingestion the expected number of prey killed during DELT is not equal to 
the amount of food consumed. It can therefore only be computed from the 
term in the difference equations that accounts for the successful captures: 
N 
PRED = 1 p (t) * RSE * DELT 
n=0 n n 
j_ • « ie cimilar to that 
The computation of the steady-state distribution, pn, is sim 
of the complete ingestion of the prey content. Starting from an arbitrary 
value of p0, the value of ç± can be solved from P'0 = 0t 
RSEQ * p 0 + RGE11 * p x = 0 
** *
 = lf2f3 N_x t h e value of P n + 1 can be solved consecutively from 
fin dp 
dT = 0 
- (RSEn + R G E V * p n + R G E l n + i * p n + 1 = 0 _ 0 !f < n .< N-l) 
(RSEn + RGEln) * P n + RGEl n + 1 * P n + 1 + RSEn-f Pn-f 
Sequent rescaling of the computed p n values such that their sum ^ . ^ 
r
^lts in
 the s t e a d y. s t a t e distribution of the predators, o 
C l
— s
 (= }. A g a i n, w h e n R S E o r R G El vary during the proce-
'°l«tion of the difference equations is the only method that ca^ ^ . ^ ^ 
When only discrete changes in the food content of the g ^ ^
 tQ 
Whether these are due to food intake or gut emptying, it ^
 searching 
exPress these changes in terms of probabilities, so tna ^ ^
 B e c a u s e 
tlme and the gut emptying time are subject to stochaStlC
 and the random 
of
 the random distribution of the prey within the co on respect 
Sea
^hing behaviour of the predator this seems to be obvious 
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to the searching times between captures. Then the catch events occur by a 
Poisson process and the probability of one or more captures is given by 
1 - exp(-RSE * t). This quantity is a cumulative distribution from which 
by differentiation, one obtains the exponential density function 
RSE * exp(-RSE * t) for the distribution of times between captures with 
mean 1/RSE and variance 1/RSE . However with respect to the gut emptying 
time stochastic variation seems much less obvious. Each gut content class 
is emptied with a probability of RGE1 * DELT during a small time increment: 
p(t + DELT) = (1 - RGE1 * DELT) * p(t) 
Hence 
dP(t) _ . p(t+DELT) - v(t) 
dt ~ L l m — D F F T ^~^ ~ - R G E 1 * P(t) 
DELT->0 D E L T 
This differential equation has the solution 
p(t) = c * exp(-RGEl * t) 
Since each gut content class will be emptied sooner or later it follows that 
00 
ƒ c * exp(-RGEl * t) dt = 1 
0 
Hence c = RGE1. Thus the gut emptying time is described by the negative ex-
ponential distribution with density RGE1 * exp(-RGEl * t). The mean gut 
emptying time therefore equals 1/RGE1, and the variance is 1/RGE12. From 
this it can be seen that because RGE1 depends on the number of satiation 
classes distinguished (= n), the stochastic variation in gut emptying time 
can be reduced by dividing the gut content into more (but smaller) satiation 
classes. In case of an infinite number of satiation classes the process of 
gut emptying is completely deterministic (variance = 0 ) . If one wants to 
reduce the variance, the effect of enlarging the number of satiation clas-
ses is governed by the law of diminishing returns. Simulations indicate that 
the introduction of stochastic variation of the gut emptying time hardly 
affected the end results. Even the modification of the distribution from 
negative exponential to constant, uniform or normal proved to be of minor 
importance in a series of Monte Carlo simulations. This result was also 
established by Curry & DeMichele (1977). Therefore it may be stated that 
the choice for the class size (or the number of satiation classes) mainly 
depends on the accuracy one is willing to sacrifice in describing the rela-
tion between RSEn and n. Ten to twenty satiation classes proved to be suffi-
cient with respect to the descriptive power. 
The reclassing principle shown in the queueing equations was used by 
Fransz (1974) in a more extended form. He also distinguished satiation clas-
ses (- n) and appropriate relative frequencies of predators (= p (t)), but 
he additionally recorded the mean satiation level within each ola«. Accor-
ding to the queueing approach the satiation level is only expressed in dis-
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crete class units and food intake and gut emptying are accounted for by the 
probability of discrete jumps from one class (n-f or n+1 resp.) to the other 
(= n). The reclassing method applied by Fransz is more complicated. Within 
each satiation class the mean food content of the gut is monitored by inte-
grating the food intake and gut emptying. When this integration results in 
a satiation level outside the class boundaries, both relative frequency and 
the mean food content of the gut are transferred to the appropriate satiat-
ion class. After al l reclassings, which are needed after a time step of in-
tegration, a weighted mean of the class-specific food content of the gut 
and of the matching relative frequencies of predators is computed. Due to 
this reclassing principle, called Compound simulation by Fransz, the process 
of gut emptying can be simulated in a deterministic way, while searching 
conserves its stochastic character. However, as stated before, Monte Carlo 
simulations have shown that the estimated prédation is almost unaffected by 
the stochasticity of the gut-emptying time, whether uniform, exponential or 
Gaussian distributions were used. Therefore for reasons of economy the re-
classing principle of the queueing approach is to be preferred since i t is 
based on one instead of two variables per class. 
A realistic aspect of the Compound model (Fransz, 1974) is that the in-
gestion can be integrated over small time increments instead of being re-
Presented by discrete jumps in the satiation level. Fransz accomplished this 
fcy splitting each satiation class into 2 subclasses: one with predators 
handling a prey and one with predators searching for prey. Each subclass is 
*aain split into a fraction of predators continuing the same occupation 
(idling or searching) and a complementary fraction shifting from handling 
t° searching (= abandoning the captive) or vice versa (= catching the prey,. 
«thin the handling subclasses ingestion can be monitored by numerical i -
oration. However one may ask whether this realistic detail is necessary. 
*» *ort period needed to achieve 90% of the ultimate food intake during 
«* total handling period and the high suction force of the ingestingr pre-_ 
**or may
 j u s t i f y a c o n c e p t o f . « d i a t e swallow'. To establish any P -
b l e
 effect of the underlying concepts of food acquisition, the follow g 
"«*" are compared for the case of a young female predator < * £ ^ 
°^ntalis) h u n t i n g f o r e g g s o f the two-spotted spider mite (retr-ayc*» 
"rticae): 
Deterministic model (Appendix E) 
Monte carlo model (Appendix F) 
* Cueing model (Appendix H)
 t h i s s t u d y ) . 
impound model (Fransz, 1974; input adapted to resui ^ ^ 
B o t h
 the Monte Carlo model and the Compound model are able 
separate -o Muriner t h e hand l ing p e i x u " 
par
*te recording of the ingestion process during discussed 
^ a l integration procedures required to accomplish this 
I F-nsz
 ( 1 9 7 4 ) . A s d L u s s e d before, the ^terministi mod i 
t h 6 c
°ncePt of continuous feeding by identical predators, 
147 
RATE OF 
EG6 CONSUMPTION 
( DAY"') 
16-, 
PREY EGG DENSITY (CM"2) 
Fig. 36. Comparison between four different models of the prédation process 
for young females of Metaseiulus occidentalis and eggs of Tetranychus urti-
cae (T = 27°C). (Coincidence in space is not considered). , Compound 
simulation; , Queueing approach; , Deterministic simulation; 1 
the mean and standard deviation of 100 Monte Carlo simulations. 
model is based on the concept of immediate swallowing of the prey content. 
The results of the simulations with these four models are given in Fig. 36. 
Both the Compound model and the Queueing model give prédation rates that 
fall within the confidence limits of those obtained from the Monte Carlo 
simulations. It may therefore be concluded that in the present models of 
the acarine predator-prey system detailed representation of the ingestion 
process is superfluous and can be replaced by immediate swallowing of the 
prey. The deterministic model produces consistently lower values of the pré-
dation than all other models presented. As discussed by Fransz (1974), this 
difference is caused by the curvilinearity of the relation between the sati-
ation level and several components of the searching behaviour (e.g. success 
For the remainder of the simulations the Queueing model is preferred, 
because of its tractable mathematical properties, parsimony with respect to 
Morel . f V a r i a b l e S and relatively economic demands on computer time, 
which T Q U e U e l n 9 m 0 d e l C a n b e P r ° S ~ e d as a comprehensive subroutine, 
ToZJ, f C 0 U P l e d t0 t h e m 0 d e l °f t h S Predator-prey interactions on the 
population level (Part 2). 
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13.2 Prey density 
It should be s t r e s s e d t h a t the majori ty of data concerning the predatory 
behaviour (Section 3 .2) were obtained a t high prey density or in complete 
absence of the prey. For t h i s reason i t i s necessary to val idate simulations 
of the rate of p réda t ion a t in termedia te prey dens i t i e s . The re la t ion be-
tween the ra te of p r éda t i on and prey densi ty should be determined a t stan-
dardized i n i t i a l cond i t ions (s tandard age, sex, feeding his tory, temperature, 
relative humidity and prey d i s t r i b u t i o n ) , as well as a t s teady-state condi-
tions during the experimental per iod . These conditions imply tha t : 
- the motivational s t a t e of the predator i s independent of i t s i n i t i a l 
level and o s c i l l a t e s around a s t a b l e l eve l 
- the prey dens i ty remains cons tan t , despi te prédation, by immediate r e -
placement of the prey k i l l e d and by ru l i ng out the poss ib i l i t y of reproduc-
ing or developing i n t o a next s t age . 
However immediate replacement of the prey k i l l ed (or moulted) i s frequently 
impractical, in c o n t r a s t t o scheduled replacement. In the l a t t e r case, prey 
density f luc tuat ions depend on the time in te rva l of prey replacement. Con-
sequently the mean mot iva t iona l s t a t e i s des tab i l ized . The fluctuation of 
the prey density can be damped by shortening the replacement interval and 
enlarging the experimental area, provided the i n i t i a l prey density i s kept 
a t
 the same leve l by adequate increases in the number of prey. Due to the 
actuat ing prey dens i t y the r a t e of prédation wi l l be underestimated re l a -
tive to that obtained a t a cons tant dens i ty . 
The degree of underes t imat ion a t several values of the replacement in te r -
va l
 and of the experimental area are given in Figures 37 and 38 for a spe-
ci
*l case studied by Küchlein (young female predator of Netaseiulus occi-
****lis, eggs of Tetranychus urticae as prey, unwebbed substrate , T = 
25
-
27
°C). As the dens i t y i n i t i a l l y es tabl ished declines, the underestima-
t e s become more and more severe a t a l l schedules of prey replacement. 
This
 is a consequence of the c u r v i l i n e a r shape of the functional response 
c
^ e : the e f fec t of a u n i t change of the prey density on the ra te of pr -
dati°n becomes more and more severe as the i n i t i a l prey d e n s i t y ^ f " ^ 
Tt
* a c t i o n a l response , measured by Küchlein (to be P ^ ^ * £ 
R e q u i r e m e n t s : the experimental leaf area was large (5 cm*), the in te 
; a l <* Prey replacement was sho r t (0.5 hour) and the predators were s t a n d -
12ed
 ^ f o r e use and adapted to t h e i r experimental environment for se 
**•• The leaf d i s c s were put on water-soaked cotton xn . PetriJU- , 
1Ch
 largely prevented dispersal of the predator from ^ f j ^ ^ 
I ; p i m e n t a i time al loted
 ( . hours). * . ^ £ ^ £ ^ * 
^ h l r : - 1 ^ SimUlati0n.S r ^ r r r l r l t However .t lower prey U1
 each other in the range 5-30 prey eggs per cm'. « " -
; : :^ ** . ^ . t *
 PMtim « — ** -«««- ^ „iaDrfadator and 
Aviat ion may be expla ined by a lower coir 
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RELATIVE 
UNDERESTIMATION!^ 
1.0 
PREY EGG DENSITY (CM" 
Fig. 37. Influence of the prey replacement interval on prey consumption 
relative to the rate of steady state prédation. Experimental conditions are 
taken similar to those in Küchlein (to be published) except for the experi-
mental area (= 1 cm2; compare with Fig. 38). 
RELATIVE 
UNDERESTIMATION (%) 
1.0 
litial 
1
 5
 10 
PREY EGG DENSITY (CM"2) 
Fig. 38. influence of the size of the experimental area at constant init i
prey density on the rate of prédation simulated under conditions of a 12-hour 
prey-replacement schedule. The underestimation of the prey consumption rela-
tive to the simulated rate of steady state prédation is plotted against the 
initial prey-egg density. Experimental conditions are similar to those in 
Küchlein (to be published). 
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prey, caused by an increased tendency towards an edge oriented walk (= dis-
persal). Possibly the ribs and edge of the leaf are frequented more often 
in this range of low prey densities than indicated by the measurements at 
high prey densities (Subsection 3.2.6). At very low prey densities the si-
mulated prédation becomes equal and subsequently lower than the actual mea-
surements . 
As discussed by Küchlein (to be published), the measured prédation re-
veals two particular phenomena at the extremes of the prey density range 
under investigation. Firstly the egg consumption does not decrease progres-
sively below a food supply of 8 eggs per disc, but rather it tends to sta-
bilize despite the decreasing prey supply. Küchlein argues that probably 
the searching behaviour is stimulated by increased walking speed and acti-
vity, assuming prey is detected at tarsal contact (Subsection 3.2.3). Such 
a behavioural response was observed for Amblyseius bibens, a predator re-
sembling Metaseiulus occidentalis in various respects. Hence it is interes-
ting to include these behavioural measurement in the input for another simu-
lation experiment. The agreement between simulated and measured prédation 
is somewhat improved, but a full explanation of the sigmoid prédation curve 
is still not achieved. 
The second peculiarity of the functional response curve shows up at high 
prey-egg density. Comparison between simulation and measurement reveals a 
second rise of the measured prédation. This difference may indicate another 
motivational component, which is not related to the amount of food in the 
gut; the piercing of the egg chorion may be stimulated by frequent contact 
with prey eggs. The question arises whether this level of contact frequency 
operates under more realistic circumstances. The prey density of 40 eggs 
per cmz is certainly relevant under field conditions. However the rate of 
contact at this density will be probably too high due to the absence of web-
bing in these experiments. The difference between simulation and measure-
ments at high prey-egg density may be caused as well by changes in the wal-
king pattern related to the eggs which were distributed in groups of ten 
eggs to easify counting; the predator may be arrested by the high egg den-
sity in the egg groups. 
3. 3. 3 Webbing 
The webbing produced by the spider mite causes the relative rate of en-
counter between predator and prey (= RE/DPREY) to be reduced by a factor 10 
to 100. This reduction is due to the decrease of the walking speed, the walk-
ing activity and the coincidence between predator and prey in the webbing. 
Moreover, webbing can induce drastic changes in the success ratio (Subsec-
tion 3.2.7). Therefore distinct validation of the model and its behavioural 
input data is needed for the case of a substrate covered with webbing. 
Including the webbing factor causes several experimental problems. First, 
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prey replenishment t u r n s out to be an impracticable procedure. Contact be-
tween the brush and the web threads frequently r e s u l t s in act ivat ion of the 
predator, which i s s e n s i t i v e to movements of the web threads. The web s t ruc-
ture may be harmed, too , by these manipulations. Besides, posit ioning and 
settlement of the eggs by a brush may d i f fe r from the natural egg deposition 
of the female sp ide r mi t e . For these reasons the measurement of s teady-state 
prédation i s hardly p o s s i b l e . Simulation accounting for non-steady s t a t e 
conditions i s the only way out then. To enable these simulations the experi-
ments were s t a r t e d with fu l ly s a t i a t e d female predators and a specified i n i -
tial density of prey eggs in the colony. According to Fig. 39 the underest i-
mation of the r a t e of p r éda t ion can be kept within cer ta in l imits by enlarg-
ing the webbed area , shor ten ing of the experimental period and omitting the 
study of prédat ion a t low prey d e n s i t i e s . Another problem i s raised by the 
dispersal tendency of the p r e d a t o r s . Leaf discs surrounded by a water bar r ie r 
proved to be a s a t i s f a c t o r y s u b s t r a t e for Metaseiulus occidentalis. However 
the leaf disc-water b a r r i e r system proved to be insuff ic ient for the case 
of Phytoseiulus persimilis; when the prey density i s low, t h i s predator i s 
frequently observed t o d i spe r se from the discs and to drown in the water. 
The best so lu t ion i s t h e r e f o r e to use na tura l colonies formed on the plant 
and to omit the study of p réda t ion a t the range of low prey densi t ies , which 
RELATIVE 
UNDERESTIMATION ( % ) 
1.0-, 
f i ? . 39 
Sens 
PREY EGG DENSITY (CM" 
Influence of the s i z e of the webbed area a t constat! in ^ ^ ^ 
« * on the r a t e of p réda t ion simulated under conditio ^ ^ ^ ^ 
• p lot ted against the P
r ey-repi a c e m e n t s c h e d u l e . T h e underestimation of 
,
1Ve t 0
 the simulated r a t e of steady s t a t e prédation i s P - — -»
 = ^ ^ ^ 
D l t ia l prey-egg d e n s i t y . No prey-replacement; experimental per 
= 2
°°C; RH = 70%. 
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give rise to high dispersal tendency of the predators (see Subsection 3.4.2). 
At the start of the experiments rose leaves connected to a 5-10 cm part 
of their shoot were cut off. Subsequently the leaf systems were placed in a 
water filled test tube. Young female spider mites were allowed to produce 
egg colonies on these leaves during 2 days at T = 25°C. Next the leaf sys-
tems were transferred to a room kept at a lower temperature (T = 20°C), to 
postpone hatching. After removal of the colonyfounders the webbed area was 
measured and the appropriate number of eggs were counted at each replicate. 
The size of the webbed area should exceed 4 cm2, so that an extreme rate of 
prédation of 20 eggs per 10 hours would cause a decrease of only 5 units of 
the prey density. The egg density should match some specified levels (14-15, 
30-40 or 50-60), otherwise these have to be adjusted by crushing the surplus 
eggs with a thin needle. One young and satiated female predator was trans-
ported to the upperside of each leaf system on an excised part of its ori-
ginal leaf. This procedure disturbs the predator less. The predators left 
the excised leaf parts and entered the egg colonies within an hour. Their 
position in the colony was plotted for each leaf system. During the subse-
quent 10 hours the colonies were continuously observed one by one. The de-
partures of the predators during this period were registered (Subsection 
3.4.2), but these were not used in further calculations of the rate of pré-
dation. The results are presented in Table 58, together with simulations 
for matching conditions. At all prey densities tested, the simulations cor-
respond with the measurements for both phytoseiid species studied. 
Because most studies of phytoseiid prédation in the past have neglected 
the factor webbing, it may be worthwhile to comment on their reliability 
Table 58. Prédation in prey colonies with spider mite eggs. Webbed area = 
4-11 cm2; no prey replacement; experimental period = 10 hours; temperature 
20°C; RH = 70%. 
Predator species Number of Range of prey Measured prédation Simulated 
replicates egg densities during 10 hours prédation 
Phytoseiulus 
persimilis 
Metaseiulus 
occidentalis 
22 
48 
20 
27 
29 
26 
40-60 
25-35 
10-15 
40-60 
25-35 
10-15 
9.59 
7.79 
6.71 
3.51 
3.34 
2.31 
3.10 
2.49 
2.12 
1.48 
1.13 
1.04 
8.92 
7.96 
6.50 
3.67 
3.23 
2 .42 
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for the purpose of extrapolation to the population level. According to the 
data presented in Tables 57 and 58 the rate of prédation of Metaseiulus 
occidentalis is lower on a webbed substrate (0.36 eggs per hour vs 0.55 eggs 
per hour). Behavioural measurements and simulations indicate that this dif-
ference is explained largely by the difference in walking speed, associated 
with these substrates. Besides it should be recognized that the coincidence 
between predator and prey eggs on the bean leaf discs used by Küchlein (to 
be published) accidentally corresponds with that in the webbed space. Thus 
it may be stated that the artificial edge of the leaf discs contributes to 
the concealment of the real differences between the substrates. 
Another example of the importance of the substrate is found in the case 
of Phytoseiulus persimilis, which shows drastic behavioural changes in re-
sponse to webbing. The relative rate of encounter decreases by a factor 100 
as a consequence of the webbing, but the success ratio is increased. Simula-
tions based on these behavioural data show that the rate of prédation on 
the webbed substrate exceeds that on the bare leaf disc by a factor 1.5-2. 
Apparently the effect on the success ratio overrules that on the relative 
rate of encounter. Schmidt (1976), who measured the prédation of this phyto-
seiid on bare and webbed leaves, found a very similar difference. The data 
of Takafuji & Chant (1976) and Laing (1968), obtained on unwebbed substrates, 
are therefore likely to be underestimations of the prédation rate. Laing 
found a prédation rate of 14 eggs per day at T = 20°C, which is substantially 
lower than that found in this present study by direct measurement and simu-
lation, i.e. 23 eggs per day. Takafuji & Chant found a rate of prédation 
equal to 20-22 eggs per day at T = 25°C, which contrasts with the measure-
ments and simulations at this temperature presented in Table 58 (i.e. about 
30 eggs per day). 
The female predators of Amblyseius potentillae showed a completely dif-
ferent response to the presence of webbing. The webbed areas on the leaf 
system were frequently avoided. The predators apparently preferred to stay 
near to the thickest parts of the ribs or in any cavity that can be distin-
guished on the stem. Much less frequently than the other phytoseiid species 
studied, they entered the mite colonies, where the probability of capturing 
PreY (= success ratio) is less (Subsection 3.2.7). This probably explains 
the failure of Amblyseius potentillae to control the population growth of 
Tetranychus urticae, as found in a population experiment described in Part 2. 
These examples undoubtedly prove the importance of the factor webbing in the 
quantitative assessment of the prédation capacity of phytoseiid predators. 
3.3.4 Temperature 
Most of the behavioural observations (Section 3.2) were carried out at T 
= 20?c, so that these measurements should be repeated for other temperatures. 
However the few additional experiments carried out at other temperatures, 
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indicated rather unimportant effects on the searching behaviour. Temperature 
does exert a strong influence, however, on the food conversion physiology 
of the Phytoseiidae (Subsection 3.1.2). It may be assumed, therefore, that 
the searching behaviour is related to the food content of the gut in a way 
independent of temperature, while the temperature-related dynamics of the 
food conversion determine the rate of prédation. In other words, the rela-
tion between the relative rate of gut emptying and temperature may explain 
the effect of the temperature on the rate of prédation. This assumption is 
evaluated in a number of simulations and experiments concerning the rate of 
prédation at different levels of the temperature and high density of the 
prey. These are presented in Tables 59, 60, 61, 62 and 63. Any measured 
prédation rate, deviating from the simulations based on the above assumption, 
may indicate behavioural changes, associated with the temperature. For exam-
ple the walking speed, the walking activity or the ability to capture a prey 
may be decreased by temperatures lower than 20°C. In theory it is possible 
that counteracting effects of the temperature neutralize each other, so that 
the resulting rate of prédation does not deviate from the simulation. Howevei 
it is not likely that the temperature has a positive effect on one behavioura 
component and a negative effect on another. It is more likely, that the ef-
fect of temperature on the searching behaviour shows one consistent tendency, 
if any. In that case an evaluation, as outlined above, may be a powerful 
tool in localizing relevant areas of further research on the searching beha-
viour underlying the functional response at different levels of temperature. 
In Table 59 the simulated and measured egg consumption of Netaseiulus 
Table 59. The rate of prédation of two phytoseiid species (young females) 
at three levels of the temperature and high density of the prey in the 
webbed area. Prey egg density = 40-60 eggs/cm2; webbed area = 4-11 cm2; no 
prey replacement; experimental period = 10 hours; young, satiated female 
predators. 
Predator species Number of Temperature 
replicates (°C) 
Measured prédation Simulated 
during 10 hours prédation 
Phutoseiulus 
persimilis 
Netaseiulus 
occidentalis 
31 
22 
35 
27 
27 
22 
15 
20 
25 
15 
20 
25 
5.16 
9.59 
12.16 
2.07 
3.51 
4.57 
1.44 
3.10 
2.72 
1.12 
1.48 
1.41 
4.71 
8.92 
12.58 
2.19 
3.67 
4.92 
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Table 60. The rate of prédation of Metaseiulus occidentalis at different 
levels of temperature and high density of the prey. Number of prey eggs per 
leaf disc = 100; leaf area = 5 cm2; unwebbed substrate; the prey eggs killed 
were replaced after one day = adaptation period of the predator; subsequent 
period of 1 day = experimental period. 
Number of 
replicates 
Temperature 
(°C) 
Egg consumption 
per day 
Simulated 
egg consumption 
71 
76 
64 
68 
15 
21 
26 
33 
4.73 
10.09 
13.16 
14.87 
2.95 
5.94 
-
6.30 
5.23 
9.82 
13.57 
15.30 
a. Unpublished data from Küchlein. 
Table 61. The rate of prédation of Amblyseius bibens at different levels 
of the temperature and high prey density. Prey egg number = 40; leaf area = 
4.5 cm2; unwebbed substrate; the prey eggs killed were replaced after one 
day = adaptation period of the predator; subsequent period of 1 day = expe-
rimental period; eggs of Tetranychus neocaledonicus. 
Number of 
replicates 
Temperature 
(°C) 
Egg consumption 
per day 
Simulated 
egg consumption 
32 
21 
30 
25 
37 
a. Data from Blommers (1976). 
18 
22 
25 
28 
31 
4.4 
9.7 
13.4 
17.2 
21.2 
1.8 
1.8 
2.2 
1.7 
2.3 
7.5 
10.3 
13.5 
16.6 
18.9 
occidentalis and Phytoseiulus persimilis is given for three different levels 
of temperature and high prey density. These experiments were earned out on 
webbed leaves according to the procedure discussed (Subsection 3.3.3). There 
is a striking correspondence between the simulated and measured prédation, 
which indicates the absence of relevant effects of the temperature. The same 
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Table 62. The rate of prédation of Amblyseius potentillae at different 
levels of temperature and at different densities of the larvae of 
Panonychus ulmi. Leaf area = 3.8 cm2 (or 7.6 cm 2); unwebbed apple leaf of 
'Golden Delicious'; interval of prey replacement = 15 minutes (T = 25°C) or 
1 hour (T = 15°C); experimental period = 1 day; predators are adapted to 
the environmental circumstances for several hours. 
Number of Temperature Number of prey Prey consumption Simulated prey 
replicates (°c) 
16 
24 
10 
2 
8 
8 
5 
4 
20 
12 
8 
15 
18 
25 
per leaf disc per dayc consumption 
0.5 
1 
5 
1 
2 
5 
10 
25 
1 
5 
10 
1.7 
2.7 
9.9 
6.0 
7.7 
9.7 
12.0 
19.4 
13.4 
23.0 
24.0 
1.45 
1.15 
6.2 
-
10.1 
10.2 
7.6 
11.4 
9.1 
13.1 
3.9 
3.32 
4.29 
7.46 
6.11 
7.91 
10.94 
13.57 
16.94 
9.43 
17.81 
21.90 
Data from Rabbinge (1976). 
conclusion can be drawn from a similar analysis of the experiments of 
Küchlein with Metaseiulus occidentalis over a broad range of temperatures 
(Table 60). On the contrary the analysis of Blommers's experiments with 
Amblysezus bibens reveal an effect of the temperature (Table 61); the simu-
lations at low temperature result in an overestimate of prédation, those 
at high temperature result in an underestimation of the prédation. Apparent-
ly the searching behaviour of Amblyseius bibens is stimulated by high temper. 
ature, while it is less effective at low temperature. Another indication 
for such a role of the temperature can be obtained from an analysis of 
Rabbinge's (1976) data concerning Amblyseius potentillae and Panonychus ulmi 
as prey (Tables 62 and 63). Assuming that the fruit-tree red spider mite 
and the two-spotted spider mite are identical as prey, the functional re-
sponse of Amblyseius potentillae to the density of the larvae and adult 
thHr i ,the SPlder mlte are Simulated- Comparison between the data and 
simulations again shows a tendency to overestimate the prédation at low 
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Table 63. The rate of prédation of Amblyseius potentillae at different 
levels of temperature and at different densities of the adult females of 
Panonychus ulmi (eggs of Panonychus ulmi were not consumed). Leaf area = 
3.8 cm2 (or 7.6 cm 2); unwebbed leaf of 'Golden Delicious'; interval of prey 
replacement = 15 minutes (T = 25°C) or 1 hour (T = 15°C); experimental 
period = 1 day; predators are adapted to the environmental circumstances 
for several hours. 
Number of Temperature Number of prey Prey consumption Simulated prey 
replicates (°C) per leaf disc per day" consumption 
16 
24 
11 
20 
12 
8 
15 
25 
a. Data from Rabbinge (1976). 
0 . 5 
1 
5 
1 
5 
10 
0 . 9 1 
1.17 
1.09 
2 .55 
6.99 
6.38 
1.03 
0.43 
1.62 
3.12 
3.60 
5.18 
0 .70 
1.03 
2 .42 
1.89 
4 .47 
6.55 
temperature (15°C) and to underestimate at high temperature <25°C), while 
there is correspondence at intermediate temperature (18°C). 
indeed there are some direct measurements of the searching behaviour that 
indicate that it is affected by temperature, though only slightly. For exam-
ple, the walking speed increases somewhat for an increase in temperature 
(Subsection 3.2.2). It is quite possible that the walking activity or even 
the ability to capture a prey are affected too. However before suggesting 
the need of further experimentation it should be stressed that the effect 
of the temperature on the walking speed, as well as that on the predatory 
searching behaviour, was studied on unwebbed substrates facing upward. For 
webbed substrates, which are the usual substrate for any predator foraging 
on the two-spotted spider mite, similar analyses showed that temperature 
had no effect on predatory searching behaviour. This result corresponds with 
the assessment of only minor effects of the temperature on the temperature 
on the walking speed in the webbed area (Subsection 3.2.2). In addition in 
the case of the fruit-tree red spider mite, which does not produce web 
aggregates, it is more careful to study the effect of temperature on the 
searching behaviour at the side of the leaf facing downwards, because there 
the walking speed of Phytoseiidae is reduced to 15-25% of values for the 
upperside of the leaf and the effect of temperature on the walking speed 
may consequently be small. 
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3.3.5 Age and oviposition history 
So far only young females, aged 3-8 days after their final moult, have 
been considered in this chapter. Because the population model of the preda-
tor-prey interaction includes prédation at all phases of ageing, the beha-
vioural study of the phytoseiids should be extended accordingly. However, 
before doing so, the need for further experimentation is considered. It may 
be assumed tentatively that the ability to capture a prey successfully is 
constant with age in contrast to the conversion of food (digestion, resorp-
tion, synthesis and allocation). In other words, the relative rate of suc-
cessful encounter (= RSEn, if DPREY = 1, 0 « n « N) are constant during the 
whole period of female adulthood, but the relative rate of gut emptying (= 
RRGE) is variable in this respect. In this case any change in the rate of 
prédation during the adult period is thought to be caused by a change in 
the intrinsic food utilization of the predator apart from changes in the 
prey density. If this conception is true, it is sufficient to measure the 
behavioural components at one specific age period, while the age related 
changes in the relative rate of gut emptying can be estimated from the re-
production curves, presented or referred to in Subsection 2.2.3, with the 
aid of the model of mass expenditure in the phytoseiid body (Subsection 
3.3.2). These assertions will now be evaluated against experimental obser-
vation. 
The assumption that RSEn is constant with age can be evaluated by compa-
rison of the observed prédation rate of females of different ages that have 
the same level of food conversion. This is achieved by comparing the préda-
tion of non-ovipositing females of different ages: 
- unmated young females (2-4 days after final moult) 
- unmated old females (about 30 days after final moult) 
- 'young' postoviposition females (25-35 days after final moult) 
- 'old' post-oviposition females (45-55 days after final moult). 
These females are supposed to have the same level of food conversion be-
cause their weights are approximately equal and the synthesis of protoplasm 
only serves to replace old protoplasm ('non-growing system'). In addition 
to direct measurement, prédation can also be simulated (Subsection 3.3.1). 
The relative rates of successful encounter (= RSE , if DPREY = 1, 0 < n 4 
N) are obtained from the 3-8 day females (Section" .2) and using the model 
of phytoseiid mass expenditure (Subsection 3.3.1) under conditions of satia-
tion, a value of RRGE can be fitted such that the weight loss by transpira-
tion and respiration (= fresh weight minus food content of the gut, multi-
plied by the relative rate of weight loss; see Subsection 2.2.5 and Section 
3.1) are compensated by resorption of food from the gut store. The simula-
tions of the rate of prédation on basis of these input data correspond with 
the values obtained with unmated young and old females and the 'young' post-
oviposition females (Table 64). The prédation of the -old' post-oviposition 
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females is somewhat lower than the others, which indicates a slight effect 
due to ageing. However this effect can also be left out in simulations of 
the interaction between predator and prey populations, because the fraction 
of the females reaching this phase of adulthood (50 days) is small, anyway. 
For this reason the simulations on the population level have been based on 
the assumption of searching ability, which is constant with age. 
The second assertion of a variable relative rate of gut emptying (RRGE) 
with age is therefore probably true, because the reproduction has a curvi-
linear relation with age (Subsection 2.2.3). The relation of RRGE to age 
appears to have a flexible character due to the strong tendency among the 
Phytoseiidae to achieve the deposition of a specified number of eggs, for, 
as argued in Subsection 2.2.3, the rate of reproduction does not depend on 
age, but rather on the number of eggs already deposited. Because reproduc-
tion depends on the delivery of gut stores, reproduction can be modelled by 
relating the relative rate of gut emptying to the oviposition history of 
the predatory female (= the proportion of the potential fecundity that has 
been realized). In Subsection 3.1.2 it has been shown that direct measurement 
of the RRGE corresponds with its indirect estimation by a model of the phy-
toseiid mass expenditure. Therefore this model has been used for the appro-
priate rates of reproduction to estimate RRGE for several 'history' classes. 
These estimates were made for the case of ample food supply, so that as well 
as the rate of reproduction, the food content of the gut is known. Thus the 
relative rate of gut emptying can be fitted in the mass expenditure model. 
For sufficient description of the changes in the food conversion, the ovipo-
sition history should be divided into at least four episodes (classes) with 
respect to the realized part of the potential fecundity: 
- less than 60% of the eggs deposited 
- 60-85% of the eggs deposited 
- 85-100% of the eggs deposited 
- all eggs deposited (= post-oviposition period). 
The appropriate values of the relative rate of gut emptying are given in 
Table 65. These estimates were obtained from the reproduction curves pre-
sented or referred to in Subsection 2.2.3, which were obtained at conditions 
of abundant food supply. The estimates were evaluated at low prey-egg densi-
ties for the case of Metaseiulus occidentalis, using data of its reproduc-
tion history (Küchlein, to be published) and simulations of the egg consump-
tion at the appropriate conditions (prédation was not measured in the same 
experiment). Because estimates of prédation at all prey-egg densities were 
available and the RRGE values of each history class were estimated from the 
reproduction curve at a high prey density (150 eggs per 5 cm*), the rate of 
reproduction at lower prey-egg densities were simulated with the model of 
mass expenditure, and subsequently the estimated and measured reproduction 
curves were compared (Fig. 40). The agreement was quite satisfactory for 
the period 0-50 days, but when the age of the predator exceeded 50 days, 
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HISTORY CUMULATIVE 
CLAS- NUMBER OF 
SES EGGS PRODUCED 
NUMBER OF 
PREY EGGS 
PER ARENA (5CM2) 
80 90 100 
TIME (DAYS) 
Fig. 40. Cumulative reproduction in relation to age and oviposition history 
of Metaseiulus occidentalis at different levels of prey-egg density. Measured 
data of Küchlein (to be published) ( ) and simulated values ( )• 
Unwebbed leaf disc; area 
T = 25-27°C; RH = 70%. 
5 cm2; daily replacement of eggs consumed; 
reproduction stopped, irrespective of the oviposition history. Because rela-
tively few females reach this period of adulthood, this aspect may be ignored 
m simulations of the interaction between predator and prey populations. 
Unfortunately, such evaluations of the estimated values of RRGE could not 
be carried out for the other predator species because of lack of reproduc-
tion-history data at low prey densities and for the whole life-span of 
phytoseiid females. 
3. 3. 6 Predator density 
When predators aggregate in colonies with a high prey density, it is 
likely that they will encounter each other while searching for prey. This 
contact may in turn lead to an increased tendency toward dispersal (Subsec-
tion 3.4.3) or, if the predators are confined to the prey colony, to a de-
creased prey consumption. The latter case will be considered below. 
Küchlein (1966) observed a decrease in the rate of reproduction of Meta-
seiulus occidentalis at predator densities exceeding one female per leaf 
disc. Fernando (1977) found a decrease of the rate of prédation by females 
of Phvtoseiulus persimilis. Because the ingested food is utilized to a 
great extent in egg production, reproduction decreases when prey consump-
tion decreases. 
A decline in the rate of prey consumption can be caused by a decrease 
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in: 
- the rate of contact with prey items (i.e. RRE) 
- the receptivity to contact with prey (i.e. Success ratio) 
- the rate of food conversion (i.e. RRGE). 
Because the time predators spend in contact with each other is neglegible, 
and the walking speed and activity remain unchanged after mutual contact 
(own observation; Küchlein, personal communication), the time available for 
prey searching remains nearly unchanged, at realistic predator densities 
and therefore the first possibility can be cancelled. The latter two expla-
nations are difficult to illustrate by experiment. It may be hypothesized 
that the reproduction site in the acarine functions as a 'sink' with respect 
to the need for food and that this 'sink' is controlled by the neurophysio-
logical state of the predator. Mutual contact between predatory females may 
affect that state and hence the need of food for egg production. If the 
prey-capture ability is not affected by previous contact, the decreased rate 
of prey consumption is the simple result of a decreased rate of food conver-
sion. This is a simple mechanism because it requires only a change in the 
relative rate of gut emptying instead of changes in the success ratios at 
several levels of gut filling. 
For the time being this explanation is pursued and hence the effect of 
interference among female predators can be modelled by estimating RRGE from 
the reproduction curves at different levels of predator density, measured 
by Küchlein (1966) for the case of Metaseiulus occidentalis. This estimation 
is again made with the model of the mass expenditure (Subsection 3.1.2), 
assuming that the success ratio is unaffected by mutual interference. Even 
if this tentative conception turns out to be biologically invalid afterwards, 
it is still a very easy way of imitating the observed effects of predator 
density on the rate of prédation. The estimated values of RRGE are given in 
Table 66 for different phases in the oviposition history of the predatory 
mites. 
3.3. 7 Prey stage preference 
If prey stage preference is not expressed until the moment of contact 
with a prey stage, it can be defined quantitatively by the < " « « * » « " ^ 
tween the success ratios related to the different prey stages (Subsection 
3.2.7). Preference thus defined includes the defensive measures taken by 
the prey, and the palability of the prey, as well as the ^^essiveness nd 
attacking measures taken by the predator. The success ratios have I.en « . 
sured in -monocultures' of each prey stage (Subsection 3.2.7) * » • • * £ 
are suitable for extrapolation to 'mixed cultures' of prey stages if the 
actual success ratio is not altered by experiences at ^ ' ^ ^ 
Prey stages, and if this ratio is determined merely by the ac u. «ount of 
food in the gut, which is the result of 'past' ingestion and past 
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sion of food. 
Under this assumption the prédation in mixed populations of prey stages 
can be simulated on the basis of behavioural input data measured in popula-
tions of one stage at a time. The Queueing model can be adapted to the case 
of mixed populations by extending the 'ingestion' term in the set of diffe-
rence equations, which relate p (t+DELT) to p (t) (Subsection 3.3.1). The 
food level n of the gut can be arrived at by ingestion from several lower 
levels due to the different food contents of the prey stages (= FCP ; s = 
1,2, .... s = prey stages labeled by enumeration), which are swallowed 
immediately after capture. The size of the food intake depends on the food 
content of the prey stage and the satiation deficit of the gut (= N-n). 
f^ = min(FCPS * ENLARG, N - n ) 
Hence the probability to reach state n via prey capture and subsequent in-
gestion consists of the sum of the probabilities on each - prey stage speci-
fic - ingestion (= FCPS), which arrives at state n: 
S
 <; S 
I = i
 R S E
S
 * p * DELT (f = FCPS * ENLARG; N-n > FCP ) 
n n-f *n-f 
s=l 
At full satiation it includes, furthermore, the sum of the probabilités on 
each possible partial ingestion, which arrives at N: 
S N-l s, 
I.T = 2 2 RSE * p * DELT (f = FCP" * ENLARG; N-n ^  FCP ) 
N
 s=l n=N-f n n 
The complete set of difference equations is then: 
Pn(t+DELT)=p (t) * (I RSE^ + RGEln) * DELT + Pn+1(t) * RGEln+1 * DELT + In 
s=l 
PN(t+DELT)=p (t) * RGE1N * DELT + IN 
The expected amount of food consumed per time interval DELT (= CONS) can be 
computed from the difference between the successive distributions of the 
satiation levels, plus the amount of food resorbed or egested from the gut 
during DELT: 
CONS = 1 ( p ( t+DELT) - p n ( t ) ) + 1 P n ( t + D E L T ) * R G E l n * DELT 
„ = n
 V i n v n
 n = 0 
N N 
I p (t+DELT)  Pn(t))  2 
n=0  n=0 
The expected number of each prey stage killed during DELT can be computed 
from the product of the relative frequencies of predators at the different 
satiation levels and the appropriate prey stage specific rate of successful 
capture : 
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s N PRED = I 
n=0 
Pn(t) RSE" * DELT n 
The steady state distribution of the predators over the satiation classes 
(= p ) can be computed in a way analogous to that discussed in Subsection 
3.3.1. In case RGE1 and RSE are varying during the process, numerical solu-
tion of the set of difference equations is the only way out. 
With the aid of this model extension it is possible to extrapolate the 
input data measured in 'moncultures' of the prey stages to the case of mixed 
populations of prey stages. This approach can be validated using experimental 
data of Rabbinge (1976). He offered 10 spider mites of two distinct prey 
stages (larva and adult female) to a young female Amblyseius potentillae. 
The prey stages were offered in different proportions (8:2, 5:5, 2:8), 
which were maintained by replacing the prey killed (or moulted) after in-
PRED FEMALE 
PRED LARVA 
10 
0.05 0.1 
D FEMALE 
D LARVA 
Fig. 41. Measurements (Rabbinge, 1976; Experimental area = 5 cm*; interval 
of prey replacement = 1 hour; T = 25°C) and simulations (this report) of 
prey-stage specific prédation in mixed populations of two prey stages (lar-
vae and adult female of Panonychus ulmi). The quotient of the prey stage 
specific prédation rates is plotted against the quotient of the respective 
densities of the prey stages, both on a logarithmic scale. Measured values 
(•)• at 3 prey stage combinations: 2 9 + 8 larvae; 5 ? + 5 larvae; 
M + 2 larVae
" Stations ( ) at 3 overall prey densities: 
prey 
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female + Dlarvae ~ WAREA, where AREA equals 5, 50 or 500 cm2 
RELATIVE FOOD CONTENT OF THE GUT 
1.0-
FEMALE 
LARVA 5 2 0 
PREY STAGE COMBINATION 
Fig- 42. Simulated mean level of the gut filling at three overall prey 
densities, consisting of different combinations of larvae and females. 
This plot fits to the simulation experiments presented in Fig. 41. 
spections at short time intervals (1 hour). By assuming, that the prey 
stages in question resemble the two-spotted spider mite in their role as 
prey, these experiments can be simulated on basis of the behavioural data 
of this Agricultural Research Report. The results are presented in Figures 
41 and 42 as a plot of the quotient of the prey stage specific prédation 
rates against the quotient of the respective densities of these prey stages 
(2:8, 5:5, 8:2). The simulations agree with the experimental data if the 
larvae constitute half or more of the prey population. When the adult female 
Preys form the majority, however, the prédation of this particular stage 
seems to be favoured in comparison to its simulated prédation. Presumably 
this effect is caused by a disturbing effect of some contacts between adult 
female predators and the large-sized female prey. The contact caused the 
predator to be less attentive in localizing the small sized larval prey. 
The success ratio curves presented in Subsection 3.2.7 show that prey 
stage preference is strongly related to the size of the prey. Moreover 
these data suggest, that the preferences tend to vanish as the satiation 
level of the predator decreases. This effect is demonstrated in Fig. 42 with 
the aid of simulations at lower levels of the prey density (= enlarging the 
experimental area). At a prey density of 0.2 (= 10/50 cm* ) the larvae are 
captured more successfully than at the density of 2 (= 10/5 c m ) , 
decrease to the very low density of 0.02 (= 10/500 cm*) tends to render the 
Predator less fussy with respect to both prey stages. Hence it is shown that 
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preference could be far from a stable phenomenon. For this reason the use 
of descriptive formulas of the functional response curve - like the Disc 
equation (Cock, 1977) or other equations (Rabbinge, 1976) - in analyzing 
preference is discouraged: fussiness of the predator is likely to depend on 
the food content of the gut (or the availability of the prey). 
3.4 RATE OF DEPARTURE 
So far the predatory behaviour has been considered isolated from any ten-
dency to leave the prey colony. By staying in a colony, prédation decreased 
the food supply of the predatory female and, also, its progeny. Therefore 
departure to other colonies is likely to occur sooner or later. Moreover, 
as predators aggregate in colonies with high prey density, it is increasing-
ly likely that they will detect each other while searching for prey, which 
may lead to an increased tendency toward dispersal. This section deals with 
the quantitative assessment of the rate of departure in relation to prey 
supply and interference between phytoseiid females, but before discussing 
these measurements the walking behaviour of the predator and the size of 
the colonized area on residence time in a colony is investigated. Due to 
its apparent avoidance of the webbed area Amblyseius potentillae has been 
excluded from the measurements. 
3.4.1 Walking behaviour 
As discussed in Subsection 3.2.4, it is possible to simulate the walking 
behaviour and the linear displacement, based on analysis of measured walking 
tracks. This simulation technique could be used to estimate the rate of de-
parture, assuming the edge of the colonized area exerts no influence on the 
walking pattern. Before turning to such simulations it should be recalled 
that the walking paths of Subsection 3.2.4 were measured in absence of prey 
or other predators. Therefore it is necessary to ascertain whether the wal-
king pattern is modified by their presence. The observations were made with 
the video equipment, described in Subsection 3.2.4, to copy the walking paths. 
The paths were registered for 1 or 4 predatory females walking inside a fresh 
prey colony (eggs and females). The parameters of the experimentally defined 
frequency distributions of angular deviations were used to estimate the lin-
ear displacement after 200 steps. These estimates, together with the walking 
speed and activity, are given in Table 67. They can be compared with the 
results of Subsections 3.2.2 and 3.2.5. This clearly demonstrates that the 
walking pattern is not affected by prey or predator density, nor the walking 
speed and activity. Thus the rate of departure is independent of prey or 
predator density, if it is true that when the predators arrive at the edge 
of a colony they make no distinct decision to leave or stay. 
To test this hypothesis, simulations of the rate of departure were compared 
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Table 67. Walking behaviour of females of two phytoseiid species in 
presence and absence of prey and predators in the webbed area. 
Predator 
species 
Prey Number of Walking 
density predators speed 
(number/ (mm/s) 
cm2 ) 
Walking Simulated linear 
activity displacement after 
(%) 200 steps (number 
of steps) 
Phytoseiulus 
persimilis 
0 
20-60 
20-60 
1 
1 
4 
0.19 
0.19 
0.20 
12 
8 
9 
45 
43 
44 
Metaseiulus 
occidentalis 
0 
20-60 
20-60 
1 
1 
4 
0.18 40 
0.20 36 
0.20 38 
32 
29 
29 
with measurements of the actual rate of departure from a colony. Three kinds 
of colonies were used: 
- small webbed areas without prey, founded by males and preoviposition 
females , 
- large webbed areas without prey, founded by males and preoviposition 
females , . _ , 
- large webbed areas with prey eggs only, founded by ovipositing females, 
which were removed before the experiment. 
Such a colony was located on one leaflet of a composed leaf and to pro-
vide an alternative residence for the predator, one or more of the other 
leaflets were also colonized with Type 3 colonies. One female predator was 
released on the upperside of a leaflet containing the a d e^ a t e ^ ° f ^ e d 
ony After the predator invaded the colony, the residence time 
by continuous observation (i.e. 14 hours per day) over a p e n ^ of 3 days. 
The departures were scored after * < ^ ^ ^ ^ l ^ . t e Z t n 
after discovery of the predator m one of the alternative 
distance walked to reach the edge of a circular ^ ^ ^ ^ 2 
100 Monte Carlo simulations of the walking pattern, and this est mate was 
converted into the residence time using the walking speed, * » " £ £ ? £ £ 
vity and if prey was present, the feeding time. The residence times esti 
m a t e d t o m ^ e r i m l a l l y defined ^ ^ ^ T Z ^ Z T 
is determined by the low walking velocity, the low »al*in* a ^ £ .„. 
tortuous walk. Probably surface enlargement, walking ^ ^ ^ ^ ^ 
creased frequency of tactile probing before advancement - the heteroge 
web strucJTe are the factors determining the residence time m the 
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Table 68. Residence time of young females of two phytoseiid species in a 
colony with and without prey. T = 20°C; RH = 70%. 
Predator Webbed Prey Measured 
species area density residence 
(cm2) (number/cm2) time (hour) 
Simulated 
residence 
time (hour) 
Phytoseiulus 
persimilis 
Metaseiulus 
occidentalis 
3- 5 
15-25 
15-25 
3- 5 
15-25 
15-25 
0 
0 
20-60 
0 
0 
20-60 
0.46 
1.60 
47.5 
0.36 
0.58 
53.4 
0.2 
0.8 
17.2 
0.1 
0.3 
21.3 
22 
32 
36 
28 
17 
24 
0.52 
2.56 
2.76a 
0.19 
0.66 
0.86a 
a. Mean handling time included in simulating the residence time. 
area when prey is absent. The presence of kairomones presumably associated 
with the silk (Hislop et al., 1978; Hoy & Smilanick, 1981) does not arrest 
the predators more than was expected from the measurements of the walking 
behaviour in the central area of the colony. However the kairomonal cues 
may operate as stimuli to enter the webbed area. Indeed, direct observation 
of the colony-invading behaviour indicated an evident reaction upon contact 
with the silk; females of Phytoseiulus persimilis, Metaseiulus occidentalis 
and Amblyseius Mbens, walking on the upperside of the leaf frequently along 
e edge (Part 2) invariably turned to the underside of the leaf after con-
act with silk strands at the leaf edge. This apparent invading behaviour 
was^independent of the presence of prey in the webbed area. 
e ac ual rate of departure in presence of prey was much lower than ex-
pected from the simulations of the walking behaviour: the predators stayed 
forel' f ° r SeVeral dayS i n S t e a d o f the few hours predicted. There-
at the
 e r T 0 3 6 " t h a t thS P r e d a t ° r s a re a b ^ to return when they arrive 
abundant p „ C O l ° n Y ^ t h a t t h i s behavioural reaction depends on prey 
or tnHre " *"* **"*** ±S & "">« ^ ^ a n t *»ctor than colony •*, 
webbed over r C l e S "* ^ ^ S i z e d w h e n the rose leaflet is completely 
between
 su,, ^ ^
 3
° ^
 and e v e n a t
 this maximum the time intervals 
vTsZZ n T 6d9e arriValS a - °f s - l - magnitude as the time inter-
tweln I : ! : : J Z : : : - T h e r e f ° r e — — ^ * " « * change very 
persal mechanism arriV&1S' S° t h & t ^ is a l l o w e d to conceive the di--
of t u r n C t L aId P r e d° m i n a n t l y P r e y — ^ t y dependent. Direct observa^ 
the edge was tried too, but this approach appeared to be ham-
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pered by the long observation times necessary to obtain a sufficient number 
of registrations and by the inability to find a useful criterion for the 
'edge of the colony'. Anyway, the few results of these direct observations 
were not in contradiction with those of the indirect analysis. 
As for colony invasion, the behaviour at evasion from the prey colony 
was observed to be characteristic; the evading predators tended to decrease 
the likelihood of returning into the same webbed area by moving to the leaf 
edge on the upperside of the leaf or to the main rib of the rose leaf, by 
increasing the walking speed, by initially spending much time in walking 
and presumably also by a temporary lower responsiveness to contact with the 
silk strands. The latter suggestion is based on observations of just evaded 
predators recrossing their path along the edge of the colonized leaf and 
contacting the silk strands without subsequent invasion. 
3.4.2 Prey density 
Quantitative assessment of the rate of departure should be done at con-
stant density of the prey. However replacement of the prey consumed is im-
practicable due to the presence of webbing in the colony. As discussed in 
Subsection 3.3.3, the prey density can be kept within acceptable limits 
despite prédation by enlargement of the colonized area and by shortening of 
the experimental period. On the other hand, these measures should be adapted 
in such a way that dispersal can take place at the proper time. For quanti-
tative assessment of the rate of departure the following design proved to 
be practicable. The most voracious phytoseiid can consume a maximum of 16 
eggs in 10 hours, so that prey density decreases less than 4 units if the 
webbed area exceeds 4 cm*. Based on this tentative calculation it was 
decided to classify the prey density in groups of 5 units. Because the rate 
of prédation approaches its maximum at prey densities above 20 eggs per cm , 
the classes were enlarged in this range of food supply. According to these 
conditions, two or more colonies were grown on a rose leaf. The female 
spider mites were removed and the egg densities adjusted to the proper 
density class by piercing the surplus eggs with a needle, if necessary. The 
colonized rose leaves were left connected to a 10 cm part of their shoots 
which were placed in water-filled test-tubes kept in a rack. One well-fed 
Predator female was transported to each leaf system on an ^ " * £ ' ^ * 
its original hostplant. The predators succeeded in invading the freshcolony 
within an hour. Subsequently the departures of the predators 
by naked eye inspection of both sides of the leaflets. » » P ^ £ ^ 
generally moved to the upperside of the leaf, where they were „ » 1 y ietec 
ted.
 l n some cases dispersal was indirectly assessed by detect-of the 
Predator in one of the alternative colonies. In these cases they probacy 
dispersed along the mid-rib on the underside of the leaves. 
The numbers of predators that stayed in the colony longer than 10 
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Table 69. Rate of departure by young female phytoseiids from a colony in 
relation to prey density. T = 20°C; RH = 70%; webbed area = 4-11 cm2. 
Predator 
species 
Phytoseiulus 
persimilis 
Metaseiulus 
occidentales 
Amblifseius 
bibens 
Prey 
density 
(number/cm2) 
40-60 
25-35 
10-15 
5-10 
0- 5 
40-60 
25-35 
10-15 
0- 5 
30-40 
10-15 
0- 5 
Simulated 
relative 
gut filling 
(%) 
92 
91 
88 
85 
< 81 
92 
90 
87 
< 80 
91 
88 
< 81 
Number of predators 
the colony 
at the 
Nt=0 
24 
51 
38 
41 
32 
45 ' 
32 
36 
19 
30 
30 
29 
start after 
Nt=10 
24 
48 
20 
6 
0 
44 
29 
16 
0 
30 
14 
0 
in 
10 hours 
Relative 
rate of 
U,GJhJCLl. UUJ-v 
(hour-1) 
0 
0.006 
0.064 
0.192 
0.868 
0.002 
0.010 
0.081 
0.977 
0 
0.076 
0.792 
are given in Table 69 in relation to the density of the prey. Because the 
fraction of residing predators decreased in an exponential fashion, the dis-
persal tendency can be characterized by the relative rate of departure ac-
cording to the following formula: 
RRD 
-ln(Nt/N0) 
RRD = relative rate of departure (hour ) 
Nt = number of predators residing in the colony at time t (hours). 
If possible, the RRD values were computed from the time elapsed until 50% 
of the predators had left the colonies. To provide some insight in the mean 
level of gut filling at the different density classes, simulated values of 
the relative food content of the gut are given. 
The results demonstrate the dependency of the rate of departure on prey-
egg density while interspecific differences seem to be absent. As prey 
density decreases, the rate of departure increases. This effect cannot pos-
sibly be explained by a decreased time expenditure in feeding activities. 
Even for the extreme case of 16 egg captures in the 10 hour period (Phyto-
ne 
seiulus persimilis), the total feeding time would amount to 1 hour. The 
residence times are therefore predominantly determined by the walking beha-
viour at the edge of the colony, as argued in the previous subsection. 
Finally it is a glaring fact, that at the density of 10-15 eggs per cm* 
half the initial number of predators had left their colony after 10 hours, 
although their gut filling was still rather high according to the computa-
tions. 
This high rate of departure may be due to the absence of female spider 
mites in the experiments. Hence the experiment has been repeated for the 
prey density of 10-14 eggs and 0.5 female per cm*. Despite the inevitable 
oviposition by the female spider mites prey-egg density remained within the 
limits indicated. The results (Table 70) show that the additional presence 
of the female spider mites did not alter the rate of departure. Hence it 
may be supposed, that prey density is the governing factor in the realiza-
tion of the residence time of the female predators. 
Evidently there is a strong tendency to forage at densities above 20 eggs 
per cm*. Natural selection may have favoured this dispersal behaviour as a 
consequence of the achievement of a larger progeny, but this simplified ex-
planation is not clear, as long as the energy expenditure involved in reach-
ing other more favourable food areas is not known. It may as well have been 
evolved as an anticipation on the survival chances of their progeny. The 
experiments, discussed in Subsection 2.2.1, demonstrate, that development 
was retarded and mortality was increased below a food supply of 1-2 eggs 
per day. However the assessment of juvenile dispersal yielded only some ac-
cidental departures at this critical rate of food supply and even «nfertx-
lized females had a low tendency to disperse (Table 71). Because the density 
of phytoseiid eggs can rise above the level of 1 egg per cm* colonized area 
Table 70. Rate of departure by young female phytoseiids from a prey colony 
containing eggs and females. T = 20°C; RH = 70%; webbed area = 6-10 cm ; 
10-14 eggs/cm* and 0.5 female spider mite/cm*. _ ^ ^ _ _ _ _ _ 
Predator 
species 
Phytoseiulus 
persimilis 
Metaseiulus 
occidentales 
Amblyseius 
bibens 
Number 
at the 
Nt=0 
30 
42 
28 
of predators 
start 
in the 
after 
Nt=10 
16 
23 
17 
prey 
10 
colony 
hours 
Relative rate of 
departure (hour" ) 
0.063 
0.060 
0.050 
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Table 71. Rate of departure from a prey colony by juveniles and unfertil-
ized females of two phytoseiid species. T = 20°C; RH = 70%; webbed area = 
4-11 cm2; prey egg density = 1-3 eggs/cm2. 
Predator 
species 
Phytoseiulus 
persimilis 
Metaseiulus 
occidentalis 
Predator stage 
of development 
larva 
protonymph 
deutonymph 
unfertilized 
larva 
protonymph 
deutonymph 
unfertilized 
female 
female 
Number 
at 
Nt= 
51 
24 
41 
37 
10 
28 
43 
32 
the 
•0 
of predators 
start 
in the colony 
after 10 hours 
Nt=10 
49 
23 
39 
35 
10 
26 
41 
30 
(Part 2), it is not unrealistic to suppose a profitable effect of the dis-
persal behaviour of the adult female predators on the developmental prospects 
of their less migratory juvenile progeny. This question will be investigated 
further by sensitivity analysis of the population model with respect to the 
relative rate of departure (Part 2). 
3.4.3 Predator density 
Küchlein (1966) measured an increased tendency of young females of Meta-
seiulus occidentalis to disperse from the experimental leaf discs when more 
than one predator was present per area; predators leaving the disc drowned 
in the water-soaked cotton surrounding the disc. Küchlein stated that the 
data on migration tendency thus obtained are of arbitrary value as long as 
a similar study of the dispersal on an actual plant is lacking. An experi-
ment to provide this information will now be described. 
The experimental procedure differs from that discussed in the previous 
subsection in the following respects. One, two or four females of Metaseiulus 
occidentalis were released on the leaf system instead of only one. Because 
the predators were allowed to invade the colony on their own accord, the 
colonies were frequently occupied by a lower number of predators than re-
leased on the leaf. Only colonies that contained adequate (1, 2, 4) numbers 
of predators were selected. The departures were assessed at consecutive time 
intervals of 4 hours by detection of the predator in one of the alternate 
colonies on the other leaflets of the rose leaf. When a predator left the 
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Table 72. The relative rate of departure of young females of Metaseiulus 
occidentalis related to predator density. T = 25°C; RH = 65%. 
Initial number The range Relative rate of departure (hour" ) 
of predators of prey egg — — • 
invaded in the densities first after one after two after three 
colony assessment departure departures departures 
4 
2 
1 
4 
2 
1 
10-20 
20-40 
0.202 
0 .033 
0 .027 
0 .133 
0.016 
0 .028 
0, 
0. 
-
0. 
0 . 
-
.113 
.017 
.096 
.010 
0.074 
0.048 
0.039 
0.022 
colony it was removed to prevent re-invasions; the observations were con-
tinued for the remaining predators until all were gone or until the experi-
mental period, of 24 hours, had elapsed. This experimental procedure was 
carried out at two levels of prey density: 10-20 eggs per cm* and 20-40 eggs 
per cm*. The predator densities were biased due to variation in the webbed 
areas per colony (p = 6.2 cm*, S - 3.1; range: 3-14 cm*), but this variat-
ion was present for each level of predator release. The values of the rela-
tive rate of departure, each computed from an initial amount of at least 
100 predators, are given in Table 72. As predator density decreases during 
the experiment as a consequence of the departures from the prey colony the 
relative rate of departure was computed for each 4-hour period thereby 
classifying the replicates with respect to the predator density at^ the 
start of these periods. In this way it was possible to calculate the^ R e -
values after one, two or three departures in case four predators were ini 
tially present in the prey colony and, similarly, after one departure 
case two predators were initially in the colony. 
Evidently there is a tendency to avoid predator agrégation even for high 
prey densities. This can be recognized from the data m two ™ ^ * B t ' 
the relative rate of departure increases for an increase in * » ^ £ 
predators initially present in the colony. Second, - " ^ ^ ^ 
by a period with a lower value of the relative rate ° * < * ^ ' ^ £ 
dencies are very similar at both levels of prey density. Al so t * * * > -
dispersal at the lower density range confirms the i n ^ £ £ £ . « -
previous subsection. For some reason (e.g. differences in P 
tribution of prey densities within the class range the RHD value 
after the one predator release are higher than those stated 
subsection. 
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4 The use of experimental and theoretical 
results in dynamic population models 
The preceding chapters of this Agricultural Research Report describe the 
modelling of an acarine predator-prey interaction at the individual level 
and the measurements of the input data needed for that modelling; four spe-
cies of phytoseiid predators were studied in relation to their prey, the 
two-spotted spider mite, which feeds on greenhouse roses. The results of 
these laboratory studies at the individual level are to be used for the mo-
delling of the predator-prey interaction at the population level in the 
greenhouse. Because of this extrapolation to the population level it is 
worthwhile to realize which assumptions underlying the prédation models are 
still unvalidated, and which input data are still missing. In addition, some 
important questions arise that are based on the available experimental evi-
dence at the individual level; these will have to be solved by experiments 
and simulations at the population level. The unvalidated assumptions, the 
missing inputs and the questions that relate to the population level are 
considered in this chapter, preparing the way for Part 2 (to be published) 
of this report, which deals with the modelling of the predator-prey inter-
action at the population level. 
4.1 UNVALIDATED ASSUMPTIONS 
In Chapter 3, models have been developed for the simulation of the walk-
ing behaviour and the rate of prédation of phytoseiids. These models were 
used for the analysis of the predator-prey system at the individual level. 
The results are to be used in the population models presented in Part 2. 
Some of the assumptions underlying these models are based on meagre experi-
mental evidence; others have no empirical basis at all. 
Though the Queueing model of the prédation process proved to be as good 
as or even better than other prédation models and successfully simulated 
the rate of prédation under various conditions (Section 3.3), it should be 
remembered that it rests on four basic assumptions, each of which needs sepa-
rate validation. First, a Poisson distribution is assumed for the number of 
prey captures per unit time at a certain level of the motivational state of 
the predators. Second, the food content of the gut is assumed to determine 
the state dependent rate of successful encounter, whether this state is 
achieved by previous gut emptying or by previous ingestion of food. Third, 
it is assumed that the food quality of prey is the same for all prey stages. 
This assumption is implicitly made since the flow of ingested food is merely 
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treated in terms of weight. Some attempts have been made to validate the 
assumption by considering the available data of prédation and reproduction 
rates in monocultures of diverse prey stages, but they did not provide any 
decisive evidence (Subsection 3.1.3). Fourth, the model of the prédation 
process is based on the assumption that the state dependent success ratios 
measured in 'monocultures' of each prey stage are also applicable in 'mixed 
cultures' of several prey stages (Subsection 3.3.7); the probability of a 
prey capture after prey detection merely depends on the level of gut filling 
and past experience in capturing other prey stages is only registered via 
changes in the level of gut filling. This assumption is not refuted by the 
available experimental evidence, but more validation experiments are still 
needed. 
Another point for comment is the concept of food conversion, which is 
basic to the population model of the predator-prey interaction. The present 
status of the systems analysis points to the important role of the relative 
rate of food conversion in determining the rate of prédation at various tem-
peratures, different oviposition histories, and prey and predator densities 
(Section 3.3). The increase in the rate of prédation with increasing temper-
ature is determined not by temperature-related changes in the searching be-
haviour, but by the effect of the temperature on the relative rate of food 
conversion into egg biomass. The relative rate of food conversion is shown 
to depend on the number of eggs already deposited by the female predator, 
i.e. its oviposition history. However, only circumstantial evidence was 
given for the assumption that the decrease of the rate of prédation at in-
creasing predator density is caused by a decrease in the relative rate of 
food conversion, and not by behavioural changes of the predators after mutual 
contact, nor by the time wasted for prey searching upon mutual contact be-
tween the predators. Furthermore it should be recalled that the food content 
of the gut is not a good indicator of the motivational state when the pre-
dator is severely starved (Subsection 3.1.2 and 3.2.7) 
Simulations of experimentally defined walking behaviour were « ™ V £ 
to determine the effect of recrossing areas already searched by the predator 
on searching efficiency, and to estimate the residence time in a circul 
webbed area under the assumption that the edge of the webbed area exerts no 
effect on walking behaviour. These simulation experiments show thatth tor 
tuous walk of the predatory mites in the prey colony lea s to an Prax 
mately 20% decrease in the rate of encounter with immobile prey «^section 
3.2.4?, and that the predator cannot stay in a V"^1' * " \ * ^ e : 
turning at the edge of the webbed ™ ™ J £ ^ ^ ^ Z Z ~ 
the walking paths simulated on the b » » °' ^ ^ ^ l o d n e s s o £ f i t, 
.eters (M, a, x and % ) were not ^ ^ ^ i n J t i n ^ i s h ^ from 
though with the naked eye the simulated paths wer ^ ^ ^ ^ 
the paths originally measured. The auto regres
 d e s c r i b e t h e charac-
Process was the best available model to comprehensively 
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teristic properties of the walking pattern (Subsection 3.2.4). Anyway, the 
simulated level of recrossing is low and is hardly affected by even 20% 
changes in the parameter values. Moreover, long residence times in a profi-
table prey patch are best explained by the edge-turning strategy; without 
the edge effect simulated residence times equal to those determined experi-
mentally could only be obtained for extreme types of walking behaviour that 
differ largely from the measurements at naked eye inspection. Hence prey 
density predominantly determines the relative rate of departure of the 
predator from the prey colonies that will be generated by the model at the 
population level. 
4.2 MISSING INPUTS 
In Chapters 2 and 3 experiments with individual mites have been described 
that serve to measure rate variables for use in population models. For some 
cases the set of inputs is incomplete, or the results cannot be used in the 
population models without making new assumptions, which in turn need sepa-
rate validation. To gain insight into these limitations it is worthwhile to 
look at these aspects in more detail. 
The possibility of maintaining a predator population in periods of prey 
scarcity in the greenhouse is of considerable practical importance; it would 
be convenient if the predators residing in the crop are able to detect new 
spider mite infestations in due time for control of the mite pest. Litera-
ture data and some additional experiments have provided some insight into 
the survival chances of the predatory mites in the greenhouse. When prey is 
scarce in the greenhouse rose crop, the availability of water seems to be 
most important for the survival of the phytoseiids (Subsection 2.2.5). Can-
nibalism provides only a limited means for survival, as it depends on the 
survival of other predators, and as the food and moist content of these pre-
dators decreases exponentially with the length of food deprivation (Subsec-
tion 2.2.6). The supply of pollen on the rose plants did not improve survival 
in comparison to the supply of water only (Subsection 2.2.7). However, be-
cause only one level of pollen supply was tried, no decisive, practical in-
formation can be given on the possibility of maintaining a predator popula-
tion in the rose crop. Anyway, the amount of pollen originating from the 
flowering roses in the greenhouse is insufficient in this respect. At higher 
levels of pollen supply, especially Amblyseius bibens may perform better, 
as shown by Blommers (1976) in small scale experiments. 
By extrapolating data on individual life histories measured at constant 
temperatures to the greenhouse situation, an important assumption is made 
that has been only partially validated. The rate of development, the rate 
of reproduction, the rate of mortality, the rate of webbing and the rate of 
prédation were measured at constant temperature levels in the range 10-35°C 
Of course, temperature will fluctuate in the greenhouse albeit within limits 
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(10-35°C). The effect of variable temperature regimes on these rates was 
investigated for the two-spotted spider mite, but hardly at all for the 
phytoseiids considered in this report. But because the population model pre-
sented in Part 2 is based on the assumption that birth, death and prédation 
processes react instantaneously to changes in temperature, validation of 
this assumption is still needed for the phytoseiids. 
Though the prey supply to the predators has been quantified in such a 
way that prey density and prey number can be computed in the population 
model (Part 2), the level of food supply to the spider mites has not been 
considered. Some arguments have been given to consider the nutritional value 
of the host plant as a constant for spider mites infesting greenhouse roses 
(Section 2.1). However, in contrast to the food quality of the rose leaves, 
food quantity can be affected by feeding of the spider mites themselves. 
The available leaf parenchym decreases during population growth of the spider 
mites until the host plant is exhausted as a food source, or the grower ap-
plies pesticides. Also, the juvenile spider mites are left stranded in al-
ready exploited areas, because they are less able to disperse. As the life 
history variables have been measured for individual spider mites and plenty 
of fresh plant food, an important gap in the experiments may be present. 
Therefore, to decide if these factors need to be studied in more detail, a 
greenhouse experiment on population growth of the spider mites should be 
carried out and the numerical results should be compared with simulations 
that neglect the effects of competition for food among the individual spider 
mites. This population experiment and the adherent simulations will be dis-
cussed in Part 2. 
Another subject that is important in the interpretation of the results 
of population simulations is the determination of the sex ratio. Although 
the sex ratio of the progeny can depend on arthropod-related factors, such 
as the age of the spider-mite • mother'. (Subsection 2.1.3), it is assumed to 
be a fixed ratio that does not alter in response to environmental conditions. 
But this is an assumption made because of lack of experimental data, rather 
than a well-established foundation for population modelling. Control of the 
fertilization process and hence the sex ratio in response to environmental 
conditions may play a role in arthropods reproducing by arrhenotoky This 
possibility should be taken into consideration when interpreting the sex 
ratios simulated and measured at the population level (Part 2>-
An important state variable in the population model of the P ~ d a t ° r " ^ 
interaction is the prey density. In this report the prey density 
as the number of prey per square centimetre of webbed leaf area, because 
two-spotted spider mites only inhabit those parts of 
by webbing. During population growth not only do prey numbers ™ ^ Z ' d T -
also the extent of the webbed area. Therefore, for calculation of prey den 
-ity for simulations at the population level, life history compon nt as 
well as the rate of increase of webbed leaf area, have been measured 
181 
individual level (Section 2.1). The rate of increase of webbed leaf area 
can depend on the host plant species that is colonized by the two-spotted 
spider mite. For example, the webbing cover on Lima bean is less aggregated 
than on rose, and the webbing is even more spread out on leaves of Gerbera. 
Presumably the hairiness of the leaves is an important factor in this res-
pect. The rate of colonization estimated in this study on rose 'Sonia' is 
therefore by no means generally applicable and should be determined for 
other plants. 
By distinguishing webbed leaf areas from unwebbed leaf areas it is neces-
sary to assess which factors determine the residence time of the predators 
inside and outside the webbed area. The residence time of individual preda-
tors in the webbed area of a prey colony has been studied in this report, 
but their residence time outside the webbed area is an aspect that has not 
yet been considered fully at the individual level. Some details have been 
discussed in Subsection 3.2.4 and 3.4. It was found that the predatory mites 
walk along the leaf edge or a rib, invading the prey colony after making 
tarsal contact with the silk strands attached to the leaf edge or rib. 
Aablifseius potentillae behaved differently. This phytoseiid predator tends 
to avoid the webbed leaf area and prefers to stay next to the thick parts 
of the main rib of a rose leaf or at other protected spots on the plant. 
More knowledge is required on the question of how a predatory mite searches 
for new prey patches, especially how the searching is influenced by the mode 
of plant or crop colonization by the two-spotted spider mites. These aspects 
will be discussed in Part 2 of the Agricultural Research Report. 
4.3 IMPACT OF INDIVIDUAL CHARACTERISTICS AT THE POPULATION LEVEL 
The measurement of mite properties at the individual level can sometimes 
be sufficient for the evaluation of their impact on the population level. 
For example, hatching of phytoseiid eggs fails for relative humidities of 
30-60%, but the spider mite eggs are not affected in this range. Hence egg 
mortality is probably a key factor in the failure of phytoseiids to control 
the population growth of the two-spotted spider mites at low humidities. In 
other cases, the measurement of mite properties at the individual level is 
not sufficient for the evaluation of their relative importance at the popu-
lation level. For example, what is the importance of a 10% shorter develop-
mental time relative to a 10% rise of the rate of reproduction? Both devel-
opmental time and reproduction affect the rate of population increase, but 
their relative effect cannot be determined without the help of a quantita-
tive tool, such as a mathematical model of the population growth. The eval-
uation of such effects is even more difficult when their relative importance 
has to be assessed for interacting populations of predator and prey. Hence 
the evaluation of the interspecific differences in life histories is deferred 
to Part 2, where the predator-prey interaction is modelled at the population 
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level. 
Because several processes in the predator-prey system interact with each 
other, and several rate variables depend in a non-linear way on state varia-
bles, it is often not possible even to describe the consequences of input 
data measured at the individual level for the interaction at the population 
level, let alone to indicate their relative importance. The role dynamic 
simulation may play in this respect is further illustrated in three examples. 
Example 1 - the role of webbing in prédation The searching behaviour of 
individual female predators has been studied in the webbed leaf area, as 
well as on unwebbed leaves (Section 3.2). Webbing interferes generally with 
searching by decreasing the rate of encounter per unit prey density (the 
relative rate of encounter), as a consequence of a reduction in the walking 
speed, the walking activity and the coincidence between predator and prey 
in the webbed space. The relative rate of successful encounter was affected 
by the webbing in different ways, however, depending on the phytoseiid spe-
cies involved: the success ratio of Phytoseiulus persimilis increases in 
the presence of webbing; the success ratios of Amblyseius bibens and Meta-
seiulus occidentalis are unaffected by the webbing; but the success ratio 
of Amblyseius potentillae decreases (Subsection 3.2.7). It is shown by simu-
lation of the prédation rate on basis of these behavioural data, and the 
dynamics of the gut filling, that the increase of the success ratio of 
Phytoseiulus persimilis in the webbing more than compensates for the reduc-
tion of the relative rate of encounter in the webbing, resulting in an in-
crease in the rate of prédation in a prey colony (Subsection 3.3.3). The 
factor webbing may therefore be important for future studies of the inter-
action between phytoseiid predators and the two-spotted spider mite, but 
the relative importance of the substrate-related differences in prédation 
rate has yet to be demonstrated at the population level (Part 2). 
Example 2 - prey-stage preference of the phytoseiid predators The pro-
bability of capturing a prey depends very much on the prey stage involved 
(Subsection 3.2.7): eggs are easier to capture than larvae, larvae are more 
easy to capture than nymphs and the adult female spider mites are the most 
difficult to capture. These prey-stage specific differences in success ratio 
may mean that the diet of the predator largely consists of the young prey 
stages and that the reproductive spider mite females are allowed to 
continue the reproduction process for some time. Hence the extermination of 
the prey population may be postponed due to the initial concentration of 
the predators on the young prey stages. On the other hand, the adult female 
spider mites do not live for ever and each consumption of a female juvenile 
Prevents the development of a reproductive female. Therefore the hypothesis 
that predators keep 'laying hens' should be evaluated by dynamic simulation 
of the predator-prey interaction at the population level (Part 2). 
example 3 - dispersal of the predator from colony to colony ^ J ^ 
• '4-v, v,-i«v. nrpv densities, this tendency Predators tend to stay in colonies with high prey densities 
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can lead to predator aggregation in the profitable prey patches, which in 
turn leads to a decreased rate of prédation (and thus reproduction), or to 
predator dispersal from the prey patch (Section 3.4). What effect this mode 
of prey patch exploitation has on the population level is an important ques-
tion that may be solved by dynamic simulation of population growth and dis-
persal. For these simulations, where predators may move from one prey colony 
to the other, possibly differing in prey density, and where prey density 
continually changes in time, it is necessary to account for the non-steady 
state of the prédation process. The Queueing model developed in Chapter 3 
offers that facility and, moreover, it can be easily coupled to a popula-
tion model in the form of a subroutine. 
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Summary 
The two-spotted spider mite, Tetranychus urticae (Acarina: Tetranychidae), 
is a major pest of many food and ornamental crops. In the greenhouse cul-
ture of ornamental roses, an acaricide, called dienochlor [perchlorobi(cyclo-
penta-2,4-dienyl)] is used to control it. For environmental reasons it is 
desirable to replace chemical spraying with a better alternative. This 
Agricultural Research Report describes investigations into the possibility 
of biological control of two-spotted spider mites in greenhouse roses with 
predatory mites (Acarina: Phytoseiidae). Biological control has been suc-
cessful in the greenhouse culture of cucumbers, for example. In greenhouse 
roses, however, much less damage can be tolerated because the ornamental 
value of their flowers and leaves determines the economic value of the crop. 
This quality demand applies especially to the rose shoots that grow above 
the rose hedge, which are cut off at a beginning stage of flowering; more 
damage can be tolerated in the rose hedge itself. Spider mites should be 
controlled in such a way that damage to the young rose shoots is minimized. 
Two-spotted spider mites are able to double their number in the short 
period of 2-4 days. Even after the release of the predatory mites the popu-
lation of spider mites will increase initially. Only after some time will 
it decrease. Hence it is important to estimate the minimum number of preda-
tors to be released for acceptable mite control. The control of newly devel-
oped infestations will depend on the ability of the phytoseiids to survive 
periods of prey scarcity. Because phytoseiid species can differ in their 
ability to survive or reproduce on alternative food, and in their prédation 
capacity, four species are compared with each other, i.e. Phytoseiulus per-
similis, Ajnblyseius potentillae, Amblyseius bibens, Metaseiulus occidentals. 
The potential role of these predatory mites for the control of the two-
spotted spider mites has been investigated by systems analysis, i.e. by mo-
delling and experimentation. In this Agricultural Research Report, experi-
ments and models at the individual level are considered. In Part 2 of this 
report (to be published) the results of these experiments and models will 
be used in a new model to simulate population growth of both predator and 
Prey; simulations with this population model will be compared with popula-
tion experiments in the greenhouse. After validation the model can be used 
for calculation of the minimum release of predatory mites at a certain stage 
of pest development. These estimates may then be transformed into simple 
rules of thumb. ,„ ,._ 
For a systems approach it is necessary to quantify the prey supply (in 
185 
particular, two-spotted spider mites) to the predatory mites in the green-
house. Because the spider mite numbers increase with time, the properties 
of tetranychids were investigated that determine the rate of population in-
crease, i.e. the developmental time, age-dependent reproduction and the pro-
portion of females in the progeny (Subsections 2.1.1-2.1.3). Environmental 
temperature influences the rate of development and reproduction of Poikilo-
thermie arthropods. It was shown that the relation between temperature and 
these rates is linear in the range 12-35°C; under greenhouse conditions rel-
ative humidity is not important. Furthermore, it was shown that the rate of 
reproduction and the proportion of the progeny that are females depends on 
the age of the reproductive female. With respect to the quantification of 
the prey supply to the predators, it is also important to distinguish the 
stages of development, because each stage runs different risks of being cap-
tured by the predatory mites. Hence the rate of mortality and development 
were measured for each developmental stage, so that in population simula-
tions the prey supply can be subdivided per prey stage. 
The prey supply to the predator is also determined by the mean distance 
between prey items, i.e. the prey density. Two-spotted spider mites have a 
strong tendency to aggregate. They construct labyrinths of silk strands on 
the lower side of the leaf, starting from the leaf edge or a rib and dis-
persing over the leaf surface. In the webs, the eggs are deposited and de-
velop into adults. The preoviposition females are inseminated immediately 
after the last moult and subsequently disperse, frequently to other leaves, 
where they form new colonies. Hence colonization is an essential aspect of 
the prey supply to the predator. The predatory mite has to invade the web-
bing to capture its prey. Therefore the prey supply is defined as the number 
of spider mites per square centimetre webbed leaf area. Consequently, the 
rate of increase of webbed area was quantified by experiment (Subsection 
2.1.6). On the basis of the measured rate of webbing and the measured life-
history components, a population model can be constructed that simulates 
prey numbers and prey density in the course of the predator-prey interaction 
(Part 2). 
In the greenhouse culture of ornamental roses, food substances other than 
spider mites are rare. Hence the survival of the predators in periods of 
prey scarcity will depend on cannibalism and abiotic factors, such as the 
availability of water, temperature and relative humidity. In contrast to 
the other phytoseiid species studied, Amblyseius potentillae and Amblyseius 
bibens can reproduce when feeding on pollen, so that the addition of these 
plant substances may lead to the maintenance of the predator population in 
the greenhouse crop. Experiments indicate that the amounts of pollen required 
are probably high (Subsection 2.2.7). Honey and sucrose solutions can improve 
the rate of predator survival to a significant extent. To date the possibil-
ity of maintaining a predator population in a rose crop without spider mites 
has still not been demonstrated. 
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Population growth of the predatory mites will depend on the number of 
spider mites in the webbed leaf area and the temperature and relative humi-
dity there (Subsections 2.2.1-2.2.3). As for the spider mites, the rate of 
development and the rate of reproduction are linearly related to temperature. 
However, when temperature rises above 30°C and relative humidity drops below 
70%, juvenile mortality becomes high. As the spider mites are much less vul-
nerable to temperatures in the range 30-35°C and humidities in the range 
40-70%, these conditions are critical for their control by predatory mites. 
The four phytoseiid species studied differed with respect to developmental 
time, size of progeny and proportion of females in the progeny. However, 
all phytoseiid species matured in a shorter time-span, but laid fewer eggs 
than the two-spotted spider mites. The relative importance of these diffe-
rences can not be determined without the help of a quantitative tool, such 
as a population simulation model. The evaluation of these differences will 
therefore be treated in Part 2 of this Agricutlural Reseach Report. 
When prey supply is sufficient, young phytoseiid females utilize approxi-
mately 70% of the ingested food for egg production. In addition, the rate 
of oviposition is so high that the reproducing females determine the préda-
tion capacity of the phytoseiids. The rate at which the ingested food is 
utilized for egg production of new protoplasm was found to be mainly depen-
dent on the individual oviposition history, that is to say on the number of 
eggs already deposited by the female predator; female predators tend to 
achieve potential fecundity almost irrespective of their age. Hence the re-
productive females represent the most voracious stage of the predatory mites, 
and they decide where and when the eggs are deposited. For this reason the 
searching behaviour of the female predators was studied in an attempt to 
relate prey supply to prédation and, consequently, reproduction (Chapter 
3). 
For a study of the searching behaviour it is important to characterize 
the motivational state of the predator. Since the rate of food conversion 
is high, it makes sense to use the food content of the gut as an indicator 
of the motivational state of the predator. The dynamics of the gut filling 
can be computed when ingestion, resorption and egestion are quantified by 
experiment. By weighing hungry predators before and after food "take the 
food content of the different prey stages, the gut content and the food de-
ficit of the gut were measured (Section 3.1). Likewise, it was possible to 
quantify the rate of ingestion and the rate of gut emptying. These data 
were used in a model of food conversion that is based on the assumption that 
the surplus of the resorbed food substances is used for egg P « * * * ^ 
(Fig. 21). This model was tested, for example by computing the timeneeded 
for a hungry female to produce an egg. The calculations were correct in a 
broad range of food deprivation periods, but after a ^ » ^ ° * J * J ° * 
^privation a period of recovery was necessary before the female restarted 
egg production. 
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The food conversion model (Appendix A) was used for the analysis of the 
observations of the predatory behaviour. Young female predators belonging 
to four differeftt species of Phytoseiidae were deprived of food for some 
specified pefiod, starting from a state of satiation, and then placed in a 
prey colony, Theif behaviour was recorded ahd the dynamics of the gut fil-
ling computed. Thus it is possible to felate Walking velocity, walking ac-
tivity, Walking pattern, success ratio and feeding time to the estimated 
level of food ih the dut of the female predator (Section 3.2). 
This experiment was cätfied out on two substrates: webbed leaf and un-
webbed leaf. It was therefore possible to assess the role of webbing in the 
searching behaviour of the predatory mites. In the webbing the rate of en-
counter per Uhit prey density was found to be lower, because predatory mites, 
as well as spider mites, move slowly oh this substrate and spend less time 
in walking". The slow advancement of the mites prevents bumping of one mite 
into another, so that disturbance of the predator is a fare phenomenon. On 
an unwebbed substfa'te disturbance is important, as is reported by several 
authors. The coincidehce between predator and prey ahd hence also the rate 
of encounter ate lowered as a consequence of the labyrinth formed by the 
webbing: predator and pfey may move over and under each other without en-
countering one another. The predatory mites probably search at random and 
locate their pfey after contact with the tafsi of their front legs (Subsec-
tion 3.2.3). Mowever, not every encounter leads to a successful attack. It 
Was shown that the success ratio depends ofi the gut filling of the predator, 
the. prey stage ahd,.ih two specific cases, oh the substtate: in the webbing 
the success fätio of Phytoseiulus persimilis increases ahd that of Amblyseiu* 
potentillae decreases (Subsection 3.2.7, frig. 337. 
The results of this behavioural component analysis were used in a préda-
tion, model derived ftorn gUeUeihg1 theory (Section 3.3). This theory has been 
used ih. problems concerning' waitihd-lihes of customers and service facili-
ties. Consider, for example, a queue of patiefits ih a dentist's waiting-room'. 
The patients feptesent the prey, the dentist represents the predator and 
the waiting-toom represents the dut of the pfedator. The rate of patient 
arrivals the waiting-room is equivalent to the rate of prédation; the time 
heeded to help the patient is equivalent to the time needed to empty the 
gut of the predator by the amount of one prey. As more patients enter the 
waiting-room, the dehtist will shorten the consulting time per patient and 
it becomes increasingly probable that newly arrived patients will refuse to 
wait and decide to returh at ahothet time. Analogous to this example, the 
rate of gut emptying increases with ah increasing level of gut filling, and, 
simultaneously, the motivation of the pfedator to attack its prey decreases, 
while the probability of pfey escaping incfeases. Èoth tendencies were de-
monstrated by experiment. 
• A stochastic qùeueihg model can be derived if one assumes that the number 
of successful attacks by a predator with a certain level of gut filling fits 
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a Poisson distribution and that the gut emptying time per ingested prey is 
distributed according to the negative exponential distribution. This model 
was compared with a deterministic model, a Compound simulation model and a 
Monte Carlo simulation model of the prédation process (Appendices E-H). The 
Queueing model is preferred because of its economic use of computer time 
and because it uses a minimum number of variables without losing precision 
(Subsection 3.3.1). 
The Queueing model was validated in a series of prédation experiments 
carried out on webbed and unwebbed leaves (Subsections 3.3.2 and 3.3.3). 
The rate of encounter per unit prey density is lowered by the presence of 
webbing, which results in a decreased rate of prédation for Amblyseivs 
Mbens and Metaseiulus occidental!*. Opposed to this decrease in searching 
ability, the prey density in the webbed area is high (20-60 mites per square 
centimeter of webbed leaf area). So the rate of encounter between predator 
and prey turns out to be high, anyway. According to the simulations, Phyto-
seiulus persimilis and Amblyseius potentillae are affected by the webbing 
in a similar way, but the probability of these predators capturing a prey 
after tarsal contact (success ratio) is strongly influenced. Amblyseius 
potentillae has a lower success ratio in the webbing than on unwebbed leaves, 
and this results in an extra decrease of the rate of successful attack In 
• •-, • u,,- = H-inbpr success ratio in the webbing, contrast, Phytoseiulus persimilis has a higher success xa 
which more than compensates for the decrease of the searching ability ( = 
the rate of encounter per unit prey density): the rate of prédation m the 
prey colony is higher than on unwebbed leaves with the same number of prey 
Per
Sy;tefmsreanalysis of the prédation process at different levels of the 
temperature shows that the effect of temperature on the rate of foodcon 
version determines the rate of prédation (Subsection 3.3.4). B e ^ u r a l 
changes related to temperature ^ . ^ ^ ^ X Z Z ^ ^ ^ 
crease of the rate of prédation with te.perature. Pres I 
rate of reproduction at increased predator « - - ° < = ' « " » J 
decrease in the rat. of food conversio». •» no * - £ ^ „ ^ 
behaviour or by an increase of the time wasteo. y achieve 
Predators ,Subsection 3.3.e>. Because «ale ^ ' ^ ' ^ " J ^ 
their potential fecundity, it is supposed that the r. 
a. .ell as the r,t. of reproduction is not dependent on « • ™ ^ 
her of eggs deposited hy the fe.ale (subsection 3 ^ 5 ) . 
rate of food utilisation for eg, product"» is prohaM* ^ 
factor in defining the rate of prédation a» e a y ^ ^ ^ 
can probacy he considered - ^ ^ J * ^ . » , „ \ e .„^.d cultures. 
Finally the Queueing »odel »as « t o M e preference for each 
of prey stages «Subsection 3.3.7 and »p. • • ™ ^ ^ ^ ^ „„„ 
specific prey stage is deter.in.d^ the „ y ^ ^ ^
 Bhott 
measured in 'monocultures' of these prey 
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that spider-mite eggs are easier to capture than larvae, that larvae are 
easier to capture than nymphs and that the adult female spider mites are 
the most difficult to seize. Moreover, they show that the differences be-
tween success ratios of the different prey stages become smaller as the gut 
filling of the predator decreases: the predator is less fussy as its hunger 
increases. Simulation and measurement of prédation in mixed cultures of 
larvae and adult females of the prey suggest that the 'monoculture' success 
ratios sufficiently describe the probability of capture under these circum-
stances. More validation experiments are needed, however. 
The residence time of a predator in a prey colony is mainly determined 
by the prey density (Subsections 3.4.1 and 3.4.2). This is evident from the 
comparison of the residence time of predators in webbed areas with and 
without prey. Analysis of the walking pattern of the predatory mites in the 
webbing and, based upon this analysis, simulation of the residence time in 
the webbed area shows that the tortuous walking path of the predator does 
not explain the length of the residence time in the prey colony. The experi-
mentally measured residence times in prey colonies can only be achieved by 
the predator when it turns back at the edge of the colony. The simulation 
of the walking behaviour of the predator shows that it comes in contact with 
the edge frequently enough to react adequately to a decreasing prey supply. 
When female predators stay in colonies of high prey density, predator den-
sity may increase there. It was shown by experiment that an increase of the 
predator density leads to a shorter residence time despite the ample supply 
of prey (Subsection 3.4.3). Hence predator and prey density are the major 
factors determining the residence time of the predatory mites in a prey 
colony. 
In distinguishing webbed leaf areas on the plant from unwebbed ones, it 
is not sufficient to determine only the factors that regulate the residence 
time in the prey colony. It is also necessary to find the factors that deter-
mine how much time is spent outside the prey colonies: how does a predatory 
mite search for new prey colonies? Of course, this is also an aspect of the 
analysis at the individual level, but it will be discussed in Part 2 of this 
report in relation to the colonization of the plant by the spider mites. 
Some details, however, have been discussed in Subsection 3.2.4 and Section 
3.4. It was found that the predatory mites walk along the leaf edge or a 
rib and that they invade the prey colony after making'tarsal contact with 
the silk strands attached to the leaf edge or the rib. Amblyseius potentil-
lae behaves very different in this respect. This phytoseiid predator tends 
to avoid the webbed leaf area and prefers to stay near to the thick parts 
of the main rib of a rose leaf or other protected 'holes and corners' on 
the plant. 
The measurements at the individual level give rise to questions which 
can be solved only by simulation and experimentation at the population level 
(Chapter 4). An example is the measurement of the rate of departure of the 
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predator from a prey colony at different prey and predator densities. What 
is the role of this dispersal mechanism in the population dynamics of pre-
dator and prey? As the number of mites and the colonization pattern are con-
tinuously subject to change, dynamic simulation in combination with popula-
tion experiments in the greenhouse may provide the answer. This systems ap-
proach may also be useful in detecting missing knowledge on the individual 
level of the predator-prey interaction. For example, the rate of development 
and reproduction of the spider mites were measured for ample supply of food. 
Because the spider mites feed on the contents of the leaf parenchym, food 
quality may decrease and possibly the life-history variables are affected. 
If this is so, simulated population growth will exceed the measured popula-
tion growth in the greenhouse. Population models can thus be used to eluci-
date the role of certain measured properties of predator and prey and to 
determine which experiments at the individual level may still be necessary 
to improve the existing population models. 
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Samenvatting 
De kasspintmijt, Tetranychus urticae (Acarina: Tetranychidae), vormt een 
belangrijke plaag in een groot aantal voedings- en siergewassen. In de sier-
teelt onder glas wordt het kasspint chemisch bestreden met behulp van een 
gechloreerde koolwaterstofverbinding die bekend is onder de naam Pentac. 
Het is wenselijk om deze bestrijdingsmethode te vervangen door een milieu-
vriendelijk alternatief. Mijn onderzoek is erop gericht om mogelijkheden 
voor biologische bestrijding van het kasspint met behulp van roofmijten 
(Acarina: Phytoseiidae) te onderzoeken, en wel in de teelt van kasrozen. 
Deze methode wordt reeds met succes toegepast in de komkommerteelt en 
andere teelten van kasgroenten. Het probleem van de toepassing in de teelt 
van kasrozen is echter, dat hier veel minder zuigschade van het kasspint 
kan worden getolereerd, omdat het blad sierwaarde heeft. Deze hoge kwaliteits-
eis geldt voor de rozenscheuten die boven de rozenheg uitgroeien en in een 
vroeg stadium van de bloei worden afgesneden en verhandeld. Veel meer schade 
kan worden getolereerd in de rozenheg; het kasspint zal daar zodanig onder 
controle gehouden moeten worden, dat de jonge seheuLen zu
 MJ.u .uogeiijK ,,ua*s 
ondervinden. 
De populatie van het kasspint kan zich in de korte periode van 2-4 dagen 
verdubbelen. Ook na het loslaten van de roofmijten zal de populatiegroei 
van het kasspint nog wel even doorgaan alvorens het aantal spintmijten zal 
dalen. Daarom is het van belang om te weten hoeveel roofmijten bij een be-
paalde spintaantasting minimaal moeten worden uitgezet om een gewenst be-
stnjdingsresultaat te verkrijgen. Of de predatorpopulatie na onderdrukking 
van de plaagontwikkeling ook op eigen kracht nieuw opkomende spinthaarden 
de baas zal kunnen zijn, hangt af van haar vermogen om perioden van prooi-
schaarste te overleven. De bepaling van dit vermogen is daarom van belang 
voor het inzicht in introductiestrategieën van roofmijten. Omdat verschil-
lende roofmijtspecies verschillende combinaties van predatie- en overlevings-
capaciteit bezitten, zijn een viertal soorten roofmijten met elkaar verge-
leken, nl. Phytoseiulus persimilis, Amïlyseius potentillae, Amblyseius 
bibens en Metaseiulus occidentalis. 
Voor de oplossing van bovenstaande problematiek werd een systeemanaly-
tische aanpak gekozen, d.w.z. combinatie van model en experiment. In Deel 1 
van het rapport werden experimenten en modellen op het individu-niveau be-
sproken, in Deel 2 (in voorbereiding) zullen de resultaten van deze indi-
vidu-experimenten en de gevalideerde individu-modellen worden betrokken bij 
de constructie van een nieuw simulatiemodel, dat de populatiegroei van pre-
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dator en prooi in tijcj en ruimte berekent- pe berekeningen met 41t popu}.atie-
model zullen vergeleken worden met populatie-experimenten in 4e kas. Pas na 
gebleken bruikbaarheid zal dit model kunnen dienen voor berekening van het 
minimale aantaj los te }aten predatoren bij een bepaalde spintaantasting, en 
een bepaald wensenpakket van de tuinder. W e i c h t kunnen deze schattingen-
dan voor de praktijk vertaald worden in vuistregels. 
Voor de systeemanalytische benadering is het vereist om het voedselaan-
bod voor de roofmijten te quantificeren, te beginnen bij de kasspintmijten. 
omdat het aantal spintmijten verandert in de tij4, werden eerst 4*e eigen-
schappen van de parencjiymzuigende spintmijten oncjerzocjit, 4ie bepalend zijn 
voor de snelheid'van populatiegroei, te weten: de ontwikkelings4uur, de leef-
tijdsafhankelijj^e repro4uctie en 4e geslachtsverhouding in het nakomeling-
schap (paragraaf 2.l'. 1-2-1.3). pe omgevingstemperatuur speelt een belangrij-
ke rol bij 4e ontwikkelijigs- en reprodpctiesnefheid van 4 e z e koudbloedige 
arthropoden. De relatie tussen de temperatuur en 4eze variabelen bleek in 
grote trekken lineair te zijn tussen 12°C en 35°C. On4er kasomstandighedep 
speelde de luchtvochtighei4 geen belangrijke ro^. De reppductiesne;heid en 
de geslachtsverhouding van het nakomelingschap pieken sterk af te hangen 
van de leeftijd van het repro4uctieve vrouwtje. De leeftij4 van de juveniele 
spintmijt is ook van behang voor 4e kwantificeripg van het voe4se;aanbod 
voor de rovers,'omdat'de diverse ontwikkelingsstadia een sterk verschillende 
kans lopen om doop'een'roofmiit te worden gevangen. Daarom wer4 4« ontwikke-
lingsduur en de mortaliteit van elk ontwikkelingsstadium experimenteel be-
paald, zodat het voedselaanbod in de simulatie van de predator-prooi xnter-
actie op populatie-niveau kan worden gedifferentieerd naar ontwikkeling*-
stadium. , 
Het voedselaanbod voor de predator wordt ook bepaald door de gemiddelde 
onderlinge afstand tussen de prooi-individuen, m.a.w. de prooidichtheid. 
Spintmijten vertonen een sterke neiging tot aggregatie. Z13 huizen m een 
labyrinth van spinseldraden dat zij construeren aan de onderkant var.het 
blad, beginnend langs de bladrand of de hoofdnerf en van d ^ « * » £ V 
over het hele blad. In deze spinsels worden de eieren gelegd en gro en de 
juvenielen op. De preovipositievrouwtjes worden onmiddellijk « * 1 ^ £ £ 
vervelling bevrucht door de mannetjes en verhuizen dan veelal naar andere 
b l a d e n V a a r een nieuwe spintkolonie wordt gesticht. » ™ J ^ is 
dus een essentieel aspect van het voedselaanbod van e P ^ £ £ £ < 
mijt spintmijten wil bemachtigen, zal deze de spinsels m 
Daarom werd het prooiaanbod voor de predator gedefinieerd als het antal 
spintmijten per cm* bespinseld bladoppervlak en - ™ g ^ " -
waarmee individuele spintmijten bedragen aan de * ° » ^ £ L ^ 
oppervlak, experimenteel bepaald (paragraaf 2.1.6). « P 
resultaten en de bepaling van de eigenschappen die de P°PU ^ ._ 
len, zal een model worden geconstrueerd dat de prooiaantallen 
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Naast spintmijten komen er in de teelt van kasrozen nauwelijks andere 
prooien of andersoortig voedsel voor. De overleving van de predatoren bij 
afwezigheid van spintmij ten zal dus afhangen van de mogelijkheid tot kanni-
balisme en abiotische factoren, zoals de beschikbaarheid van water, tempe-
ratuur en luchtvochtigheid (paragraaf 2.2.5 en 2.2.6). In tegenstelling tot 
de andere onderzochte soorten kunnen Amblyseius potentillae en Amblyseius 
bibens reproduceren met pollen als voedsel, zodat toevoeging hiervan zou 
kunnen leiden tot handhaving van een predatorpopulatie. De benodigde hoe-
veelheden zullen waarschijnlijk groot zijn (paragraaf 2.2.7). Honing of 
sucrose-oplossingen kunnen de overlevingskansen van roofmijten aanmerkelijk 
vergroten. De mogelijkheden om in een rozengewas zonder spintmijten een 
predatorpopulatie te handhaven zijn nog niet aangetoond, maar vergroting 
van de overlevingskansen van een bestaande predatorpopulatie lijkt prak-
tisch realiseerbaar. 
De populatiegroei van de roofmijten zal afhangen van het aantal spint-
mijten dat zich op het bespinselde bladoppervlak bevindt, maar tevens van 
de temperatuur en de relatieve luchtvochtigheid (paragraaf 2.2.1-2.2.3). 
Ook bij roofmijten is de ontwikkelingssnelheid en de reproductiesnelheid 
lineair gerelateerd aan de temperatuur. Echter temperaturen boven 30°C en 
vochtigheden beneden 70% veroorzaken een hoge mortaliteit onder de juveniele 
roofmijten. Omdat spintmijten veel minder kwetsbaar zijn bij temperaturen 
tussen 30 en 35°C en bij lage luchtvochtigheden (40-70%), zijn deze omstan-
digheden in het kasklimaat kritiek voor de beheersing van spintmijtenplagen 
m.b.v. roofmijten. De vier onderzochte soorten roofmijten vertoonden onder-
ling verschillen in ontwikkelingsduur, grootte van het nakomelingschap en 
de geslachtsverouding hiervan. Zij ontwikkelden zich echter allemaal snel-
ler dan de spintmijten, maar legden minder eieren. De consequenties van deze 
verschillen zijn moeilijk te overzien zonder gebruik te maken van computer-
modellen van de predator-prooi interactie op populatie-niveau. De evaluatie 
van deze verschillen zal daarom in Deel" 2 van dit rapport worden behandeld. 
Als het prooiaanbod voldoende groot is, kunnen jonge roofmijtvrouwtjes 
ongeveer 70% van het opgenomen voedsel besteden aan de aanmaak van eieren. 
De eiproduktie is zo hoog, dat het voornamelijk de reproduktieve vrouwtjes 
zijn die de predatiecapaciteit van de roofmijten bepalen (paragraaf 2.2.4). 
De snelheid waarmee het voedsel wordt gebruikt voor de aanmaak van nieuw 
protoplasma bleek in hoofdzaak af te hangen van de ovipositiehistorie, 
d.w.z. het aantal reeds gelegde eitjes; roofmijtvrouwtjes lijken te 'stre-
ven' naar volledige realisatie van de potentiële eiproduktie. De reproduk-
tieve roofmijtvrouwtjes zijn dus het meest vraatzuchtig en zij bepalen in 
welke kolonies de eieren worden gedeponeerd. Daarom werd het zoekgedrag van 
deze roofmijtvrouwtjes bestudeerd in een poging om het prooiaanbod te rela-
teren aan de predatie en de daaruit resulterende reproduktie (Hoofdstuk 3). 
Bij de bestudering van het zoekgedrag is het van belang om de motivatie-
toestand van de predator te karakteriseren. Gezien de hoge snelheid van de 
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voedselconversie ligt het voor de hand om de voedselinhoud van de darm als 
indicator voor de motivatietoestand te kiezen. De dynamiek van de darmvul-
ling kan worden berekend als de ingestie, resorptie en egestie experimen-
teel kunnen worden gekwantificeerd. Dit bleek mogelijk met behulp van een 
elektrobalans, waarmee het gewicht van individuele mijten kan worden bepaald. 
Door meting van het gewicht van een gehongerde roofmijt voor en na voedsel-
opname kon de voedselinhoud van de verschillende prooistadia, de maximale 
darmvulling en het verzadigingsdeficit worden bepaald (paragraaf 3.1). Ook 
was het mogelijk om de ingestiesnelheid en de snelheid waarmee het voedsel 
uit de darm verdwijnt, te bepalen. Deze kwantitatieve gegevens werden ge-
bruikt in een model van de voedselconversie, dat is gebaseerd op de aanname 
dat het surplus van de geresorbeerde voedingsstoffen wordt gebruikt voor de 
aanmaak van eieren (Figuur 21). Dit model werd op bruikbaarheid getest door 
bijvoorbeeld uit te rekenen hoeveel tijd een gehongerd roofmijtvrouwt3e 
nodig heeft om weer een ei te produceren, en dit te vergelijken met experi-
menteel bepaalde tijdsperioden. De berekeningen bleken juist te zi3n in een 
breed traject van hongerperioden, maar na een bepaalde hongerperiode veroor-
zaakte voedseldeprivatie effecten die om een herstelperiode vroegen alvorens 
het vrouwtje weer tot eiproduktie kon overgaan. 
Het model van de voedselconversie (Appendix A) werd gebruikt bi3 de ana-
lyse van de gedragswaarnemingen. Jonge vrouwelijke predatoren die vanaf ver-
zadigde toestand waren gehongerd voor een bepaalde periode, werden bi3 een 
prooikolonie geplaatst. Het gedrag van de predator werd geobserveerd en de 
dynamiek van de darmvulling werd berekend. Op deze wijze kon de l°Qp.nel-
heid, de loopactiviteit, het looppatroon, de kans op prooivangst en de duur 
van de voedingsperiode worden gerelateerd aan het geschatte voedselmveau 
in de darm van de predator ^ ^ ^ ^
 p r e d a t o r s p ecies werd uitge-
Dit experiment over het gedrag van v 
voerd op twee substraten: bespinseld blad en onbespinseld blad. O p ^ 
wijze kon de rol van het spinsel bij het ^ ^ ^ ^ ^ . J e ^ L 
^ ,. vcoi hl eek de ontmoetingssnelheid per eenneia 
worden vastgesteld. In het s p i n ^ l e e k de
 spintmijten zich er 
Prooidichtheid lager te zi3n, « ^ J ™ 1 * l o p e n besteden. D e Ze trage ver-
langzaam voortbewegen en ook minder ti3d aan 1 P z o d a t ver_ 
Plaatsing voorkomt h e f t i g e ^ f ^ ^ J ^ 
storing van de roofmi3t, zoalsveelvu * t u s s e n p r e d a t o r en 
substraat, nauwelijks meer optreedt. De coin
 l a b y r i nth-
prooi en dus ook de ontmoetingssnelheid worden j e ^ a g d ^ 
structuur van het spinsel, immers predator en prooi kunnen ^ 
elkaar doorlopen zonder dat onderling contact ^ ^ ^
 eeR p r o o i 
zoeken waarschijnlijk op de tast £ « ^
 p o t e n p a a r hebben ontdekt, kan 
m e t de z i n t U l g e n
 °
P d S
 a c h t e r niet elk contact leidt tot een succesvolle 
een aanval worden ingezet. Echter ^ ^ ^
 darmVulling van de 
prooivangst. De succes ratio bleek
 c h t v a n de pr0oi en, in twee 
predator, het ontwikkelingsstadium en het geslac 
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bijzondere gevallen, van het substraat; in het spinsel neemt de succes ratio 
van Phytoseiulus persimilis sterk toe, terwijl die van Amblyseius potentil-
lae dan juist sterk afneemt (paragraaf 3.2.7, Figuur 33). 
Op basis van deze gedragscomponentenanalyse werd een predatiemodel ont-
worpen met gebruikmaking van wachttijdtheorie (paragraaf 3.3). peze theorie 
wordt veel gebruikt bij de analyse van dienstverleningsprocessen, bijvoor-
beeld de behandeling van patiënten op het spreekuur van een arts. De patiën-
ten zijn nu de prooien, de arts is de predator, en de wachtkamer is de darm 
van de predator. De snelheid waarmee zich nieuwe patiënten aanmelden en in 
de wachtkamer gaan zitten is equivalent met de predatiesnelheid; de tijd 
die benodigd is voor de behandeling van de patiënt is equivalent aan de 
tijd die de predator nodig heeft om een prooi te verteren en het verteerde 
voedsel in de haemolymphe op te nemen. Naarmate er meer patiënten in de 
wachtkamer zitten, zal de arts de patiënten sneller behandelen en naarmate 
de wachtkamer voller is, zal er een grotere kans zijn dat de nieuw-aankomen-
de patiënten van een behandeling afzien. Analoog aan dit voorbeeld neemt de 
snelheid van voedselresorptie toe met toenemende darmvulling, terwijl daar-
mee de motivatie om nog een prooi te vangen afneemt. Beide tendenzen zijn 
experimenteel aangetoond-
Aangenomen dat het aantal prooivangsten per tijdseenheid een poisson-
verdeling heeft bij een bepaald niveau van de darmvulling en dat de resorp-
tietijd per prooi een negatief exponentiële verdeling heeft, kan een sto-
chastisch wachttijdmodel worden afgeleid. Dit model werd vergeleken met een 
deterministisch model, een Compound-simulatiemodel en een Monte Carlo-simu-
latiemodel van het predatieproces (Appendix E-H). Deze vergelijking viel 
uit in het voordeel van het wachttijdmodel, omdat deze minder rekentijd ver-
bruikt en spaarzaam is in het gebruik van variabelen zonder dat de essen-
ties verloren gaan (paragraaf 3.3.1). 
Het wachttijdmodel werd op bruikbaarheid getest in een serie validatie-
experimenten, uitgevoerd op bespinselde en onbespinselde substraten (para-
graaf 3.3.2 en 3.3.3). Het bleek dat de ontmoetingssnelheid per eenheid 
prooidichtheid wordt verlaagd door de aanwezigheid van spinsel en dat dit 
effect resulteert in een verlaagde predatiesnelheid bij Amblyseius bibens 
en Metaseiulus occidental is. Tegenover deze daling in het zoekvermogen staat 
echter de hoge prooidichtheid die in de spinselaggregaten wordt aangetroffen 
(20-60 individuen per cm2 bespinseld blad), zodat de ontmoetingssnelheid 
tussen predator en prooi toch nog hoog is. De overige twee onderzochte roof-
mijtenspecies bleken deze effecten ook te ondervinden, maar deze species 
worden door het bespinselde substraat tevens beinvloed voor wat betreft de 
kans om een prooi te vangen na tarsaal contact (succes ratio). Amblyseius 
potentillae heeft een lagere succes ratio op het bespinselde blad, hetgeen 
de verlaging van het zoekvermogen meer dan alleen compenseert: de predatie-
snelheid in de prooikolonie is hoger dan op onbespinselde bladeren met de-
zelfde hoeveelheid prooi. 
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Systeemanalyse van de predatie bij verschillende temperaturen leerde dat 
het effect van de temperatuur op de voedselconversiesnelheid bepalend is 
voor de vraatsnelheid (paragraaf 3.3.4). Gedragsveranderingen ten gevolge 
van de temperatuur bleken dus van veel minder belang. Vermoedelijk wordt 
óók de verlaagde reproduktie bij hogere predatordichtheden veroorzaakt door 
een verlaging van de voedselconversiesnelheid en niet door veranderingen in 
het zoekgedrag of door tijdverspilling bij onderling contact tussen roof-
mijten (paragraaf 3.3.6). Omdat roofmijtvrouwtjes streven naar de realisa-
tie van de potentiële eiproduktie is de voedselconversiesnelheid evenals de 
reproduktiesnelheid niet afhankelijk van de leeftijd maar van het aantal 
reeds door haar gelegde eieren (paragraaf 3.3.5). Het gebruik van voedsel 
voor de eiproduktie bleek bij deze predatoren centraal te staan in de be-
paling van de predatiesnelheid, terwijl het vermogen om prooien te bemach-
tigen als een substraat gebonden constante bleek te kunnen worden beschouwd. 
Het wachttijdmodel werd tenslotte uitgebreid voor het geval dat meerdere 
prooistadia met elk een verschillende voedselinhoud aanwezig zijn (paragraaf 
3.3.7; Appendix I). De predatie van een bepaald prooistadium wordt in het 
model bepaald door succes ratios, die gemeten waren in 'monoculturen' van 
prooistadia. Uit deze metingen bleek dat spinteieren een makkelijker prooi 
vormen dan larven, larven een makkelijker prooi vormen dan nymphen, en dat 
de adulte spintvrouwtjes verreweg het moeilijkst te bemachtigen zijn. Boven-
dien bleek dat de verschillen in prooivangkansen voor de verschillende sta-
dia kleiner worden naarmate de darmvulling van de predator lager is: de pre-
dator wordt minder kieskeurig naarmate zij meer honger heeft. Simulatie van 
de predatie in een 'mengcultuur' suggereerde dat de 'monocultuur' succes 
ratios ook onder deze omstandigheden de prooivangkans kunnen weergeven. Ech-
ter, er moeten nog veel meer validatie-experimenten worden uitgevoerd. 
De duur van het verblijf in een prooikolonie wordt vooral bepaald door 
de prooidichtheid (paragraaf 3.4.1 en 3.4.2). Dit bleek uit de vergeli^ng 
van de verblijfsduur van predatoren in spinsels met en zonder prooien Ana-
lyse van het looppatroon en daarop gebaseerde simulaties van de verbid f s-
duur leerde, dat het kronkelige looppad van de predator geen verklaring kan 
geven voor de duur van het verblijf in de prooikolonie. De • * « " « * • £ 
vastgestelde verblijfsduur in een prooikolonie kan alleen worden ***** 
indien de predator bij de rand van de kolonie omkeert. Volgens 
van het loopgedrag komt de predator vaak genoeg bij de k o l o n . e r ^ o m ^ e . 
te kunnen reageren op verlaging van het prooiaanbod. Door at ™ £ £ £ Z _ 
tjes blijven litten in de kolonies met hoge prooidichtheid zal^ de predator 
dichtheid ter plekke toenemen. Experimenteel werd ^ ^ ™ £ ^ 
van de p r e d a t o r — d leidt tot een kortere v e r b ^ ^ ^ 
;:;— ;~z?— ÏZ - « .^
 van de ^ ~ 
^ o T r d a t er onderscheid werd gemaakt tussen gekoloniseerd blad en ongeko-
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loniseerd blad is het niet alleen nodig om de factoren te bepalen die de 
verblijfsduur in de kolonie regelen, maar ook de factoren die bepalen hoe-
veel tijd een predator buiten de kolonies doorbrengt, m.a.w. hoe zoekt een 
roofmijt naar nieuwe prooikolonies? Dit is natuurlijk ook een aspect van 
het gedrag op het individu-niveau, maar het zal in Deel 2 van dit rapport 
worden behandeld in samenhang met de kolonisatie van de plant door de spint-
mijten. Wèl is in Deel 1 reeds besproken (paragraaf 3.4 en 3.3.4) dat de 
roofmijten langs de bladrand of een nerf lopen en een kolonie binnendringen 
na tarsaal contact met de spinseldraden. Amblyseius potentillae vormt hier-
op een uitzondering. Deze roofmijt heeft de neiging om de bespinselde blad-
delen te mijden en zit bij voorkeur naast de dikke delen van de hoofdnerf 
of in andere beschermde hoekjes op de plant. 
De metingen op het individu-niveau kunnen aanleiding geven tot vragen 
die slechts door simulatie en experimenten op populatie-niveau kunnen wor-
den opgelost. Denk bijvoorbeeld aan de metingen van het vertrek van de pre-
dator uit een prooikolonie bij verschillende prooi- en predatordichtheden. 
Welke rol speelt dit dispersie-proces in de populatiedynamiek van predator 
en prooi? Doordat de veranderingen in de aantallen en het kolonisatiepatroon 
continu plaatsvinden, zou dynamische simulatie in combinatie met populatie-
experimenten een oplossing kunnen leveren. Ook het belang van ontbrekende 
experimentele gegevens op het individu-niveau kunnen worden opgespoord. Denk 
bijvoorbeeld aan het feit dat de ontwikkelingsduur en de reproduktie zijn 
gemeten aan individuele spintmijten bij een overmaat aan voedsel. Doordat 
de spintmijten het bladparenchym leegzuigen zal de kwaliteit van het blad 
achteruitgaan en mogelijk zullen de groei-variabelen daardoor worden bein-
vloed. Wanneer dit een rol speelt, dan zouden simulaties van de populatie-
groei van de spintmijten een grotere aantalstoename te zien geven dan popu-
latie-experimenten in de kas. Deze voorbeelden laten zien hoe populatie-
modellen kunnen worden gebruikt om het belang van bepaalde karakteristieke 
eigenschappen van prooi of predator voor de populatiedynamiek te demonstre-
ren en om nieuwe metingen op het individu-niveau te rechtvaardigen. Op deze 
wijze zijn een aantal vragen geformuleerd in Hoofdstuk 4, die opgelost zou-
den kunnen worden door combinatie van simulatie en experiment op populatie-
niveau. De beantwoording van deze vragen zal in Deel 2 plaatsvinden. 
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APPENDIX A MODEL OF REPRODUCTION IN RELATION TO FOOD INTAKE 
TITLE REPRODUCTION IN RELATION TO POOD INTAKE 
TITLE DETERMINISTIC SIMULATION OF THE POOD CONVERSION 
TITLE DISCRETE FEEDING SCHEDULE 
INITIAL 
DELX=1./DELT 
************************************************************************ 
*** INPUT DATA 
*** METASEIULUS OCCIDENTALS 
*** 
PARAM GUTC=3.3,0PTFW=2.2,DRYW=2.7,EGG = 1 .9 
************************************************************************ 
*** RELATIVE RATES 
*** 
RRRES =(TEMP-11.)*0.195 
RREG =(TEMP-11.)*0.01 
RRWLOS=(TEMP-11.)*0.04 
PARAM TEMP =26. 
#*•******•**»**************»********#********»*•******»****•************ 
*** INITIAL CONDITIONS 
*** 
PARAM FDEPRT=0. 
IFRW =OPTFW *EXP(-RRWLOS*FDEPRT) 
IFCG =GUTC *EXP(-RRRES *FDEPRT) 
IREP =0. 
DYNAMIC 
************************************************************************ 
*** STATE VARIABLES 
*** 
WEIGHT=FRESHW +DRYW +PCGUT 
FRESHW=INTGRL(IFRW,RRESW-RWLOSS) 
PCGUT =INTGRL(IFCG,RFI-RRES-REG) 
REPR0D=INTGRL(IREP,RRESR-PU8H*BGG*DELX) 
NEGG =INTGRL(0.,PUSH*DELX) 
PUSH =INSW(REPR0D-EGG,0.,1 .) 
FOOD =INTGRL(IFCG,RPI ) 
FAECES=INTGRL(0. ,REG ) 
MTBOL =INTGRL(0. .RREStf) 
*** RATE VARIABLES 
*** 
RFI =AMIN1(GUTC-FCGUT,PREY)*PULS*DELX 
RRES =RRRES »PCGUT 
RRESR =INSW(PRESHW-OPTPW,0.,RRE3) 
RRESW =INSW(PRESHW-OPTPW,RRES,0.) 
REG =RREG *FCGUT 
RWL0S3=RRWL0S*FRESHW 
i***********************************.****.*.**^.****^^^^,^**************** 
*** FEEDING SCHEDULE 
*** 
PARAM PERI0D=1. 
PULS =IMPULS(0.,PERIOD) 
PARAM PREY =1. 
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*** OUTPUT STATEMENTS 
*** 
PHINT POOD,FAECES,MTBOL,FCGUT,FHESHW,WEIGHT,REPROD,NEGG 
TIMER FINTIM=50.,OUTDEL=2.,PRDEL=2.,DELT=0.05 
METHOD REGT 
END 
STOP 
ENDJOB 
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APPENDIX B TIME SERIES ANALYSIS 
Sequential changes of walking directions may be correlated. This can be 
analysed in two ways: 
- Markov chain analysis with regard to the sign of the changes in walking 
direction; 
- Auto correlation analysis with regard to the sign and the magnitude of 
changes in walking direction. 
Markov chain analysis 
If a sign of an element in a time series depends on the signs of preced-
ing elements, a Markov model may be adequate. The case most commonly treated 
is the first order Markov model, for which only the last element in a time 
series influences the choice of a new element: 
Ji 
Prob(As = i | As_1 = j, 
s-2 k, ) = Prob(A As-1 = j ) 
for positive or negative j, i, k 
This is called a transition probability from j to i. Four transition proba-
bilities are possible: p , p , p and p 
Suppose we want to test the null hypothesis that a direction choice pro-
cess has order zero (no feedback at all) against the alternative that the 
order is one (an influence of only the last element). Then it is useful to 
order the sequences in the following contingency tables: 
For N^+l the point indi-
cates that the first ele-
ment in a sequence can be 
either + or -; the second 
element must be a +. Simi-
larly for N the first 
element in a sequence must 
be a +, the second may be 
+ or -, and so on. 
Under the null hypothesis, p equals N.../N (i = + or - ) . According to Ander-
son & Goodman (1957) the following Chi-square statistic applies: 
-s^tO 
from "--^ 
+ 
-
t o t a l 
+ 
N
+ + 
N
- + 
N
. + 
-
N
+ -
N 
N
._ 
to ta l 
N
+ . 
N
_. 
N 
H =^ 
i=-,+ 
(»iH.-S-Nj.)2 ^  (N^-d-p)-^,)-
p-N, (l-p)-N, 
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If this zero-order test reveals dependency, it may be asked if the pro-
cess is of order one or higher. The null hypothesis of order = 1 can be 
tested against the alternative of order = 2 with the aid of the following 
contingency tables : 
vtO 
from\ 
- + 
++ 
+ 
N
- + + 
N
+ + + 
-
N
- + -
N
+ + -
. t o 
from\ 
+ -
+ 
N
- + 
N
+ - + 
-
N 
N
+ ~ 
According to Anderson & Goodman, these tables may be treated as contingency 
tables again. The sum of the x? statistics has the *\ distribution under the 
null hypothesis. 
Auto correlation analysis 
Correlation between successive observations in a series is called auto 
correlation (see e.g. Chattfield, 1975). The auto correlation coefficient 
is calculated with the aid of the covariance coefficient c^, which by ana-
logy with the ususal covariance formula is defined as: 
Ck = nf""1' <As " A ) • ( A s + k " A ) ' 
s-1 
This is called the auto covariance at lag k, in which s is the number of 
the element in the series. The auto correlation coefficient pk is estimated 
as the quotient of cR and the variance aA (-ck=Qj. 
r, = ^ , for k = 1, 2 m and m << n. 
k c0 
suppose that
 V A2 An are independent and identically distributed 
random variables with an arbitrary mean, then it can be shown (Kendall 6 
Stuart, 1966, chapter 48) that: 
E(rk) s -1/n and var(rk) = 1/n, 
and that r„ is asymptotically normally distributed. After plotting of the 
r. values against k, approximate 95% confidence limits car,.be draw,, at 
-1/n ± lA/n - t
 n n ^ = "1/n ± 2/Vn. Values of rR that fall outside 
t h l i l l s are^gnificantly different from zero at the « level 
For the purpose of simulation a multiple regression model is ^ ^ 
account for correlation between successive ranges in w a l k i n g * ~ ^ 
(1 < s < n). This process can be described by the auto regression equation. 
A 
s •- - -
*s = <V As-l " u2'"s-2 
a + a -A + X„. where f(Xg) = *<AS> = 0. 
A_ a,-A_ , + a_-Ac_, + + % s-m s 
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A is not regressed on independent variables but on past values of As- Hence 
the term auto regression; m is the so-called order of the auto regressive 
.... a are the auto regression or par-
m 
tial auto correlation coefficients and X is determined by a purely random 
process. To obtain a series X , which is freed of correlation, the auto 
regression equation is rewritten as 
process. The coefficients o;.,, a_. 
Xs = - («-, As-2 + "s >J1 "s-1 ' "2 "  m "s-m)* 
The parameters M, a, and A. of the Tukey distribution may be estimated again 
on this corrected series X . 
s 
Now two related questions remain to be answered: 
How to determine the order m of the process? 
How can we estimate the auto regression coefficients from the auto cor-
relations? 
The order of the process is indicated by the range of values of r. or 
a,, which are significantly different from zero (i.e. outside the range 
± 2/Vn). 
The relation between a and r can be obtained by multiplying the auto 
regression equation with A . and by calculating expectations: 
. n-k 
-^i— I (A -A . ) 
n-k .x s s-k' 
s=l 
for 2?<Xs) = E(As) = 
a. n-k 
H=k- ^ «Vl-Vk» + s=l 
a n-k 
+ —5L
 2 (A . A ) 
n-k ,v s-m s-k' 
s=l 
0. 
For n >> k, this equation may be simplified with the aid of the formula for 
the auto covariance coefficient 
al-ck-l + + a • c, m k-m 
If the auto covariance coefficient ck is divided by the variance â'i (=cQ), 
we obtain the Yule-Walker equations: 
al'rk-l + + a • r, m k-m 
Because rk is equal to r_k> the m unknown auto regression coefficients can 
be solved out of a set of m Yule-Walker equations. In matrix-notation these 
equations are: 
m-1 rm-2 rm-3 
m-l\ 
m-2 
m-3 
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Note, that for a first order auto regressive process, the auto correlation 
coefficients decrease exponentially with k: 
rk = <v 
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APPENDIX C MAXIMUM LIKELIHOOD ESTIMATION OF THE PARAMETERS OF THE TUKEY 
DISTRIBUTION 
The procedure to estimate the parameters u , a and À of the Tukey distri-
bution consists of a rough estimation of these parameters to obtain starting 
values, and a subsequent maximization of the likelihood function to optimize 
the parameter estimates (van Montfort & Otten, 1976). 
Starting values 
Estimate approximate values of X for the 10%, 30%, 70%, 90% points of 
the measured cumulative frequency distribution. With these estimations, K„ 
can be solved from the following equation by Newton-Raphson iteration: 
X0.7 " X0 3 (0-7^° - 0.3A°) - (0.3A° - 0.7A°) 0.7A° - 0.3A° 
X0 9 " X0.1 (O-9*0 - 0.1A°) - (0.1A° - 0.9A°) 0.9A° - 0.1A° 
The 50% point of the cumulative frequency distribution, XQ 5, serves as a 
starting value for M o- The starting value of a0 can now be obtained from 
equation: 
X o g = Mo + ao-(0.9A° - 0.1A°)/Ao 
Iterative optimization procedure 
This procedure is based on Newton-Raphson iteration with the Log-Likeli-
hood function: 
A\ /A.N 
V „ , , \a/, 
+ (-L")-1-L' 
K+l " K 
K = iterative step number 
L = ln(L*) (the Log-Likelihood function) 
c 
L* = n^pi i (the Likelihood function) 
i = 1, 2, , c 
c = number of frequency classes 
i^ = frequency in class i 
p.^  = probability in class i 
2n, = N 
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When g. is defined as the class boundary, the Log-Likelihood function can 
be computed as follows: 
c 
L = I 
i=l 
n. • In 
i 
(aaï) - ^ (sp) f:Vg i+i"M 
A 
Yp = fx<P> and P = f^<V 
To maximize the Log-Likelihood function, L, the first and second deriva-
tives L' and L" are needed. Because of the discrete character of the L 
function, these derivatives are determined numerically, according to 
Abramowitz & Stegun (1975, p. 883-884). 
/ÔLI 
ÔA. 
ÔL 
6M 
ÔL 
<5a | 
/ 
L" 
6L' 
ÔA.ÔA 
6L2 
ôuôA. 
6L 2 
ôaôX 
ÔL' 
ôAôp 
ÔL 2 
Ô(JÔ|J 
ÔL 2 
2 l 6L 
ô\ôa 
6L 2 
ôuôa 
6L 2 
ôcjôa ôaôp 
It is possible that -L" has a negative eigenvalue in the beginning of the 
iterative procedure. Therefore van Montfort & Otten (1977) propose a repara-
meterization to reduce this inconvenience. This is done by replacement of a 
e by s
 =
 CT-YP(K=D f o r P(K=1) = r^ " = 0.731 
A. 
- I M 
K+l 
The iteration process can be stopped when L R - L R_ 1 or L' o] 
is sufficiently small. A x ^ . 3 test (c = number of frequency classes) is 
used to test the fit of the Tukey model to the measured frequency data. A 
confidence interval for the parameters can be constructed on the basis of 
the covariance matrix 
1 
N 
(-L") -1 
207 
APPENDIX D MODEL OF WALKING BEHAVIOUR 
TITLE TORTUOUS WALK + PREDATION 
/ DIMENSION C ( 1 0 0 , 1 0 0 ) 
FIXED U , I , J , K , X , Y 
INITIAL 
DELX =1./DELT 
INCON U =1 
PARAH UNIT = . 5 
* * * PROPERTIES OF PREY AND PREDATOR 
*** 
SPEED = 0 . 0 1 8 * 6 0 . 
DIAH1 =0 .091 
DIAM2 = 0 . 0 1 3 
RADIUS=0.5*(DIAM1+DIAM2)/UNIT 
PARAH LABDA=-0.85,SIGMA=0.2,MU=0. 
NOSORT 
*#* 
« A * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * 
* * * REGULAR DISTRIBUTION OF THE PREY 
*** 
DO 1 1 = 1 , 9 9 
DO 1 J = 1 , 9 9 
C ( I , J ) = 1 . 
1 CONTINUE 
DYNAMIC 
********************************************************** 
*** NON-AUTOCORRELATED WALK 
*** 
P =RMDGEN(U) 
A =MU+SIGMA*(P**LABDA-(1.-P)**LABDA)/LABDA 
DIR =INTGRL(0.,A*DELX) 
CSDR =COS(DIR) 
SNDR =SIN(DIR) 
X1 =INTCRL(50.,CSDR/UNIT) 
Y1 =INTGRL(50.,SNDR/UNIT) 
NOSORT 
*** 
*** REGISTRATION OF PREDATOR-PREY ENCOUNTERS 
*** 
DO 3 1=1,7 
DO 3 J-1,7 
X -X1-4+I 
Y =Y1-4+J 
IF (C(X.Y).EQ.O.) GO TO 3 
DIST =SQRT((X-X1)**2+(Y-Y1)**2) 
IF (DIST.GT.RADIUS) GO TO 3 
URITE(6,100) X,Y 
100 F0RKAT(1X,2(F3.0,1X)) 
C(X,Y)=0. 
SUM =SUM+1. 
3 CONTINUE 
SORT 
CLOCK =TIME/SPEED 
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******************************************************** 
*** OUTPUT STATEMENTS 
*** 
PRINT SUM,CLOCK 
TIRER FIHTIM=100.,PHDEL=1 . ,0UTI>EL=0.O4,DELT=0.04 
METHOD RECT 
FINISH X1=0.5,X1=99.5,Y1=0.5,Y1=99.5 
INTERACTIVE 
OUTPUT X1(50.,70.),Ï1(50.,70.) 
LABEL PHÏTOSEIULUS PERSIMILI5 
PAGE XYPLOT 
END 
STOP 
ENDJOB 
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APPENDIX E DETERMINISTIC MODEL OF THE PREDATION PROCESS 
TITLE FUNCTIONAL RESPONSE OP A PREDATOR TO THE DENSITY OP ITS PREY 
TITLE DETERMINISTIC APPROACH 
TITLE YOUNG FEMALE PREDATOR OF METASEIULUS OCCIDENTALS VERSUS 
TITLE EGGS OF TETRANYCHUS URTICAE 
»»»»•»»»»»»•»»»•#*»***»#»***#**#»»*#*#*****#************************** 
*** PHYSIOLOGICAL AND BEHAVIOURAL INPUT VARIABLES 
*** 
PARAM GUTCON=3-3 
PARAM FCPREY=1. 
INCON IFCG =2.95 
PARAM TEMP =26. 
RRGE =(TEMP - 11 .) * 0.195 
PARAM DMPREY=0.013 
PARAM DMPRED=0.057 
DM =DMPREY + DMPRED 
PARAM VLPREY=0. 
PARAM ACPREY=0. 
PARAM COIN =0.42 
VLPRED=APGEN(VLPT,FCG/GUTCON) 
AC PRED=APGEN(ACPT,FCG/GUTCON) 
SR =AFGEN(SRT ,FCG/GUTCON) 
FT =AFGEN(FTT ,FCG/GUTCON) 
FUNCTION VLPT=0.,0.047,1.,0.047 
FUNCTION ACPT=0.,0.39,1.,0.39 
FUNCTION FTT =0.,.009,.1,.007,.2,.006,.3, .005,.4,.004,1.,.004 
FUNCTION SRT =0.,.558,.05,.936,.1,.854,.2,.273,•3,.217,.4,.152, ... 
.5,.083,.6,.103,.7,.0469,. 8,. 021 7,.9,.007,.98,0.,1.1,0. 
*** 
*** COMPUTATION OF THE RATE OF SUCCESSFUL ENCOUNTER 
*** 
RREWW =DM *SQRT(VLPREY**2 + VLPRED**2)*ACPREY*ACPRED 
RREWR =DM * VLPRED * ACPRED * (1. - ACPREY) 
RRERW =DM * VLPREY * ACPREY * (1. - ACPRED) 
RSA =(RREWW + RREWR + RRERW) * DPREY * COIN * SR * 86400. 
TSC =FT + (1./AMAX1(RSA.1.E-5)) 
RSE =1./TSC 
CUMPRD=INTGRL(0.,RSE) 
*** 
*** DYNAMICS OF THE FOOD CONTENT OF THE GUT 
* • * 
*** 
FCG =INTGRL(IFCG, RFI - RGB ) 
RGE =RRGE * FCG 
RPI =AMIN1(SDG/DELT,RSE »FCPREY) 
SDG =AMAX1(0.,GUTC0N - FCG) 
*** FLUCTUATION OF THE PREY DENSITY IN RELATION TO 
*** THE TIME INTERVAL OF PREY REPLACEMENT 
*** 
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DPREY =INTGRL(IDPREY,(-RSE/AREA) + (REPI * (IDPREY-DPREY)/DELT)) 
PARAM NPREY=125. 
PARAM AREA =5. 
IDPREY=NPREY/AREA 
REPL =IMPULS(0.,REPDEL) 
REPDEL=0.5/24. 
*** 
****•*******#***************#*»*****•*•»*#*»*******»****##*****•****#*#» 
*** OUTPUT STATEMENTS 
*** 
PRINT CUMPRD, FCG , DPREY 
TIMER FINTIM=0.25,PRDEL=0.01,DELT=0.001 
METHOD RECT 
**» 
H*********************************************************************** 
END 
STOP 
ENDJOB 
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APPENDIX F MONTE CARLO SIMULATION OF THE PREDATION PROCESS 
TITLE FUNCTIONAL RESPONSE OP A PREDATOR TO THE DENSITY OP ITS PREY 
TITLE MONTE CARLO APPROACH 
TITLE YOUNG FEMALE PREDATOR OF METASEIULUS OCCIDENTALIS VERSUS 
TITLE EGGS OF TETRANYCHUS URTICAE 
********************************************************************** 
*** PHYSIOLOGICAL AND BEHAVIOURAL INPUT VARIABLES 
*** 
PARAM GUTC0N=3.3 
PARAM IFCP =1. 
INCON IFCG 
PARAM TEMP 
RRFI 
RRGE 
=2.95-
=26. 
=1.8*60.*24. 
=(TEMP - 11.) * 0.195 PARAM DMPREY=0.013 
PARAM DMPRED=0.057 
DM =DMPREY + DMPRED 
PARAM VLPREY=0. 
PARAM ACPREY=0. 
PARAM COIN =0.42 
VLPRED=APGEN(VLPT,FCG/GUTCON) 
AC PRED=AFGEN(AC PT,FCG/GUTCON) 
SR =AFGEN(SRT ,FCG/GUTCON) 
FT =AFGEN(FTT ,FCG/GUTCON) 
FUNCTION VLPT=0.,0.047,1.,0.047 
FUNCTION ACPT=0.,0.39,1-.0.39 
FUNCTION FTT =0.,.009,.1,-007,.2,.006,.3,-005,.4,.004,1.,.004 
FUNCTION SRT =0.,.558,.05,-936,.1,.854,.2,.273,-3,.217,.4,.152, ... 
.5,.083,.6,.103,.7,.0469,.8,.021 7,.9,.007,.98,0., 1.1,0. 
*** 
****************************************************************** 
*** ENGAGEMENT OF THE PREDATOR 
*** 
FIXED HANDLE 
HANDLE= 0.5 + INTGRL(0.,(CATCH-ABAND)/DELT) 
SEARCH=1. - HANDLE 
HTIM =INTGRL(0.,RHTIM) 
RHTIM = FT*CATCH/DELT - INSW(DELT-HTIM,1.,HTIM/DELT) 
ABAND =INSW(-HTIM,0.,1.) * HANDLE 
*** COMPUTATION OF THE RATE OF SUCCESSFUL ENCOUNTER 
»*» 
RREWW =DM *SQRT(VLPREY**2 + VLPRED**2)*ACPREY*ACPRED 
RREWR =DM * VLPRED * ACPRED * (1. - ACPREY) 
RRERW =DM * VLPREY * ACPREY * 
RSE =(RREWW + RREWR + RRERW) 
PRC =1. - EXP(-RSE*DELT) 
RDRAW =RNDGEN(TELLER*200.) 
CATCH =INSW(PRC - RDRAW , 0 . , 1 . ) 
CUMPRD=INTGRL(0.,CATCH*INTERV/DELT) 
INTERV=INSW(TIME-ADAPT,0.,1.) 
PARAM ADAPT =0.1 
(1. - ACPRED) 
DPREY * COIN * SR * 86400. 
* SEARCH 
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fr****************************************w********#«**«*«*****«»»»*#*** 
*** DYNAMICS OF THE POOD CONTENT OP THE GUT 
*** 
PCG =INTGRL(IFCG, RPI - RGE ) 
RGE =RRGE * PCG 
RPI =AM1N1(SDG,FCPREY)*HANDLE*RRFI 
SDG =AMAX1(O.,GUTC0N - PCG) 
PCPREY=INTGRL(0.,CATCH*(IPCP-PCPREY)/DELT - RPI ) 
APCG =INTGRL(0.,FCG/DELT/NUM*IMPULS(ADAPT,PERIOD)) 
NUM =(PINTIM-ADAPT)/PERIOD 
PARAM PERI0D=O.O5 
*** FLUCTUATION OP THE PREY DENSITY IN RELATION TO 
*** THE TIME INTERVAL OP PREY REPLACEMENT 
DPREY =INTGRL(IDPREY,((-CATCH/AREA)+REPL*(IDPREY-DPREY))/DELT) 
PARAM NPREY =125. 
PARAM AREA =5. 
IDPREY=NPREY/AREA 
REPL =IMPULS(0.,REPDEL) 
REPDEL=0.5/24. 
*** 
******»•*»*»••**»»#**»•******•*********»**»**»*•*»********»*•*****»***»* 
*** OUTPUT STATEMENTS 
*»* 
TIMER FINTIM=0.25,PRDEL=0.01,DELT=0.001 
METHOD RECT 
TERMINAL 
PARAM NREP =100. 
INCON MPRED=0.,MFCG=0. 
INCON SPRED=0.,SFCG=0. 
INCON VPRED=0.,VFCG=0. 
INCON TELLER=0. 
MPRED =MPRED+CUMPRD/NREP 
MFCG =MFCG + AFCG /NREP 
SPRED =SPRED+CUMPRD*CUMPRD 
SPCG =SFCG + AFCG * AFCG 
TELLER=TELLER+1. 
IF (TELLER.GE.NREP) GO TO 1 
CALL RERUN 
GO TO 2 
1 VPRED =(SPRED-NREP*MPRED*MPRED)/(NREP-11. ) 
VFCG =(3FCG -NREP*MFCG*MFCG)/(NREP-1 .) 
WRITE(6,100) IDPREY 
100 F0RMAT(11H DENSITY = ,F8.0) 
WRITE(6,101) REPDEL 
101 FORMAT(23H REPLACEMENT IN DAYS = ,F8.4) 
WRITE(6,102) 
102 FORMAT(25H MPRED, VPRED, MFCG, VFCG) 
WRITE(6,103) MPRED,VPRED,MFCG,VFCG 
103 F0RMAT(2(4X,2(F8.4,4X))) 
2 CONTINUE 
III********************************************************************* 
END 
STOP 
ENDJOB 
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APPENDIX G MATRIX ALGEBRAIC SOLUTION OF THE QUEUEING EQUATIONS 
Under conditions of constant RSE and RGE1 the queueing equations can be 
solved as follows : 
Let A be the matrix of the coefficients in the queueing equations 
A = 
rl-RSE0 R G E ^ 0 
RSEQ 1-RSE1-RGE11 RGE12 
RSE, 1-RSE2-RGE12 RGE13 0 
RSE„ 
RGE1N-1 
R S E ^ 1 - R S E ^ - R G E ^ 
RSE N-l 
0 
RGE1-, N 
1-RGE1. 
Let p be a vector of the state probabilities, p , in the queueing equations 
P(t) =1 
/P0(t) 
P 2(t) 
P N(t) / 
When R stand for a square matrix of eigenvectors arranged in columns, then 
a matrix Q can be obtained with the eigenvalues of A (= q ) ranked on its 
diagonal 
Q = R_1-A-R = 
/Sn 
I 0 
0 0 
*1 ° 
° %• 
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The distribution of p (t) can now be calculated as follows 
n 
p(t) = eA,t-p(0) = R-(eR 'A'R)-R_1-p(0) = R-e6't-R~1-p(0) 
/eV1. 
»Q-t 
e^N 
• ' 
The solution of this set of equations is represented by ß 
nn 
P n ^ = Ko + ]=1 Pnj q.-t 
n = 1, 2, 3, N 
q is negative 
ß 0 = equilibrium coefficients 
The number of prey killed during a time span t (= CUMPRDt) can be found by 
integration of the prédation equation 
N , N 
PREDI = Lim PRED = d P R E Dt = 2 n-p (t) + 1 RGEln-pn(t) 
DELT*0 dt n=0 n-0 
CUMPRD. 
N N t 
<_ = I n-p (t) + 1 (RGE1 •ƒ Pn(u)du) 
t
 n=0 n=0 0 
t 
J" 
0 
S pn(u)du = ßn0-t + ^ , n l 1 - .(l-e-^l-t) + i .p^-d-e-V*) + •• q2 -„2 
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APPENDIX H QUEUEING MODEL OF THE PREDATION PROCESS 
TITLE FUNCTIONAL RESPONSE OP A PREDATOR TO THE DENSITY OP ITS PREY 
TITLE QUEUEING APPROACH 
TITLE YOUNG FEMALE PREDATOR OF METASEIULUS OCCIDENTALIS VERSUS 
TITLE EGGS OF TETRANYCHUS URTICAE 
STORAGE PST(22),PTD(22) 
FIXED NCL 
INITIAL 
*********************************************************************** 
*** ENUMERATION OF THE FOOD CONTENT CLASSES OF THE GUT 
*** 1 2 3 4 5 I 19 20 21 22 = NC 
*** 1 2 3 4 N 18 19 20 = NCL 
*** 0 1 2 3 17 18 19 = NCLASS 
*** 
NC =22 
NL =NC-1 
NCL=20 
NCLASS =19 
*** 
**•»*********»****#***»•»**#*#*******»•*»*********»#*#»»*»•****»**•****# 
*** COMPUTATION OF THE FLUCTUATION OF PREY DENSITY IN RELATION TO 
*** THE TIME INTERVAL OF PREY REPLACEMENT 
*** 
PARAM AREA =5. 
PARAM NPREY =(.1,.25,1.,2.,3-,4.,6.,8.,12.,32.,50.,75.,100.,125•,200.) 
IDPREY=NPREY/AREA 
DPREY =IDPREY 
DELX =1./DELT 
REPDEL=0.5/24. 
PARAM TEMP =26. 
RRGE =(TEMP-11.)*0.195 
MDPREY=0. 
MFCG =0. 
CUMPRD=0. 
DYNAMIC 
REPL =IMPULS(0.,REPDEL) 
NOSORT 
CALL PREDA(RRGE,DPREY,PRED,FOOD,PCG) 
DPREY =DPREY -(PRED /AREA)+REPL*(IDPREY -DPREY ) 
IP (TIME.LT.DELT) GO TO 5 
CUMPRD=CUMPRD+ PRED 
MDPREY=MDPREY+(DPREY*DELT/FINTIM) 
MFCG =MPCG +(FCG »DELT/FINTIM) 
*** 
••••A**********»»**»«»«»»**»**»**»*****»»*******»****,****************** 
*** OUTPUT STATEMENTS 
*** 
IF (TIME.LT.PINTIM) GO TO 5 
WRITS(6,111) CUMPRD .MDPREY ,MFCG 
111 F0RMAT(2X,3(2X,F6.3,2X)) 
* DO 5 IG=1,NCL 
* GUTCON =IG 
* WRITE(6,112) GUTCON,PST(IG+1 ),PTD(IG+1 ) 
* 112 F0RMAT(2X,3(2X,P8.4,2X)) 
5 CONTINUE 
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SORT 
TIMER FINTIM=.25,PRDEL=.25,DELT=.001 
*** 
•****•»*»»*»****»***»**»•**•«.**«»**»»*#****»*»»»**•*«***•**»»******.**• 
END 
STOP 
SUBROUTINE PREDA(RRGEMP, DS, 
$ PN,FI,GT) 
COMMON 
C*************************»*******»***»******«**#********************* 
C** PHYSIOLOGICAL AND BEHAVIOURAL INPUT DATA 
C** 
DIMENSION RSE(22),RS1(22) 
DIMENSION 3R(20) ,FT(20) 
DIMENSION PT(22) ,RGE1(22) 
DIMENSION VL(20) ,AC(20) 
DATA VL/20*.047/ 
DATA AC/20*.39/ 
DATA SR/.936,.936,.854,.273,-245,-217,.185,.152,.128,.103, 
$ .093,.083,.065,.047,.034,.0217,.014,.007,.0035,0./ 
DATA PT/2*.009,2*.007,2*.006,4*.005,10*.004/ 
PCP =1. 
GUTC =3-333 
ENLARG=NCLASS/GUTC 
DMPREY=0.013 
DMPRED=0.057 
DM =DMPRED+DMPREY 
VLPREY=0. 
ACPREY=0. 
COIN =0.42 
C*** 
c»****«*•**#*•*»»*******•********************»***********************»** 
C*** COMPUTATION OP THE RATE OP SUCCESSFUL ENCOUNTER AND 
C*** THE INVERSE OP THE TIME NEEDED TO RESORB AND EGEST 
C*** THE MASS EQUIVALENT TO THE CLASS-SPECIFIC PART OF THE PREY 
DO 51 N=1,NCL 
I=N+1 
RGE1(l)=-RRGEMP/AL0G((N-.99)/N) 
RREWW =DM*SQRT(VL(N)*VL(N)+VLPREY*VLPREY)*AC(N)*ACPREY 
RREWR =DM*VL(N)*AC(N)*(1.-ACPREY) 
RRERW =DM*VLPREY*AC PREY*(1.-AC(N))*0.5 
RSA =(RREWW+RREWR+RRERW)*DS*SR(N)*C0IN*864OO. 
TSC =(FT(N))+(1. /(AMAX1(RSA,1.E-5))) 
RSE(I) =1./TSC 
P3T(I ) =0. 
51 CONTINUE 
RGE1(1 )=0. 
RGE1(NC)=1 . 
RGE1(2 )=0. 
RSE(1) =0. 
RSE(NL)=0. 
RSE(NC)=0. 
c*»***»**»»*»»*»,»»**»»»»*»««**»»*************************************** 
C*** COMPUTATION OF THE STEADY STATE DISTRIBUTION OF 
C*** THE POOD CONTENT OP THE GUT 
C*** 
PST(1) =0. 
PST(NC)=0. 
PST(2) =1. 
SUMST =0. 
DO 52 N=1,NCL 
I=N+1 
PCPREY =AMIN1(NL-2.,FCP*ENLARG) 
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11 = MAX1(I-FCPREY.1.) 
PST(I+1)=(-PST(l1)*RSS(I1)+PST(I)*(RSE(l)+RGE1(I)))/RGE1(1 + 1 ) 
SUMST =SUMST+PST(I) 
52 CONTINUE 
DO 53 N=1,NCL 
I=N+1 
PST(I) =P3T(I)/SUMST 
53 CONTINUE 
C*** 
C***********»»*************•**»*#***»**#*•************»***************** 
C*** INITIALIZATION OF THE FREQUENCY DISTRIBUTION OF 
C*** FOOD CONTENT OF THE GUT 
C*** 
PT(1 ) =0. 
PT(NC) =0. 
DO 54 N=1,NCL 
I=N+1 
PT(I) =PTD(I) 
IF (TIME.LE.DELT) PT(I) = PST(I) 
RS1(I) =0. 
54 CONTINUE 
C*** 
C***** ********»*******»*#******»******»****•*•*••****»*# *•••******#**•«•** 
C*** COMPUTATION OF THE RATE OF PREDATION AND THE FOOD INTAKE 
C*** ACCOUNTING FOR PARTIAL INGESTION 
PN =0. 
FI =0. 
IP =FCP*ENLARG 
11 =MAX0(NCL-IP+1 ,2) 
DO 55 N=I1,NCL 
I=N + 1 
PART =RSE(I)*PT(I)*DELT 
RS1 (NL)=RS1 (ND+PART/DELT 
PN =PN+PART 
FI =FI+PART*(NL-I) 
55 CONTINUE 
12 =MINO(NCL,IP) 
DO 56 N=I2,NCL 
I=N+1 
WHOLE =F 
RS1 
PN =PN+WHOLE 
FI =FI+WHOLE*IP 
56 CONTINUE 
C*** 
C*** COMPUTATION OF THE FREQUENCY DISTRIBUTION OF FCGUT 
C*** AT TIME + DELT 
C*** 
SUM =0. 
DO 57 N=1,HCL 
I=N+1 
RS1(I) =(RS1(I) +RGE1(1+1)*PT(1+1))»DELT 
P T D ( l ) = P T ( I ) * ( 1 . - ( R S E ( I ) + R G E 1 ( I ) ) * D E L T ) + R S 1 ( I ) 
SUM =SUM + P T D ( I ) 
57 CONTINUE 
GT = 0 . 
GUT = 0 . 
DO 58 N=1,NCL 
I=N+1 
P T D ( I ) = P T D ( I ) /SUM 
G =N-.5 
GUT =GUT+PTD(I) »G/ENLARG 
GT =GT +PST(I) *G/ENLARG 
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iO =RSE(I-IP)*PT(I-IP)*DELT 
51(I)=RS1(I)+WH0LE/DELT 
58 CONTINUE 
C*** 
RETURN 
END 
ENDJOB 
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APPENDIX I QUEUEING MODEL OF PREDATION IN A MIXTURE OF PREY STAGES 
TITLE FUNCTIONAL RESPONSE OF A PREDATOR TO 
TITLE THE DENSITY OF A MIXTURE OF PREY STAGES 
TITLE QUEUEING APPROACH 
TITLE YOUNG FEMALE PREDATOR OF METASEIULUS OCCIDENTALIS VERSUS 
TITLE ALL PREY STAGES OF TETRANYCHUS URTICAE 
TITLE EGG,LARVA,PROTO- AND DEUTONYMPH C.Q. CHRYSALES.MALE AND FEMALE 
STORAGE DSI(10),DS(10),PST(22),PTD(22),PN(10) 
FIXED NCL.NST 
INITIAL 
NCL=20 
NST=9 
*** 
* » • * # * * * * * * * # * * * • * » * * * * * * * * » * * * * • » * * * • » * » » * « * * * * * » * * * * * * * * * * * * * * * * * * * * * * * * 
*** COMPUTATION OF THE FLUCTUATION OF THE DENSITIES OF SEVERAL 
*** PREY STAGES IN RELATION TO THE TIME INTERVAL OF PREY REPLACEMENT 
* ** 
INCON RP=0.,WP=0.,SP=0. 
NOSORT 
DO 1 IS=1,NST+1 
DSI(IS)=0. 
DS(IS) =0. 
PN(IS) =0. 
1 CONTINUE 
PARAM AREA =5. 
PARAM NPREY =(0.,2.,5-,8.,10.) 
DSI(2) =NPREY/AREA 
DSI(9) =(10.-NPREY)/AREA 
DO 2 IG=1,NCL+2 
PTD(IG)=0. 
2 CONTINUE 
SORT 
DELX =1./DELT 
REPDEL=12./24. 
PARAM TEMP =25. 
RRGE =(TEMP-11.)*0.16 
DYNAMIC 
REPL =IMPULS(0.,REPDEL) NOSORT 
CALL PRED(RRGE,RP,WP,FCG) 
DO 4 I S = 2 , 9 , 7 
îfMîl =2,S IS)- (PN(IS) /AREA)+REPL*(DSI(IS)-DS(IS)) PN(IS) =PN(IS)*DELX 
*** 
*** OUTPUT STATEMENTS 
*** 
IF (TIME.LT.DBLT) GO TO 4 
WRITE(6,111) PN(IS),DS(IS),FCG 
111 F0RMAT(2X,3(2X,F8.4,2X)) 
4 CONTINUE 
PERC=PN(9)/(PN(2)+N0T(PN(2))) 
WRITE(6,110) PERC 
110 F0RMAT(2X,1(2X.F8.4,2X)) 
* DO 5 IG=1,NCL 
* GUTCON =IG 
220 
* IP (TIME.LT.DELT) GO TO 5 
* WRITE(6,112) GUTC0N,PST(IG+1),PTD(IG+1) 
•112 F0RMAT(2X,3(2X,F8.4,2X)) 
* 5 CONTINUE 
SORT 
TIMER FINTIM=.001,PRDEL=.001,DELT=.001 
END 
PARAM AREA=50. 
END 
PARAM AREA=500. 
END 
STOP 
SUBROUTINE PRED(RRGEMP, 
S REPR,WEIGHT,GUT) 
COMMON 
C*********#** *»**^************»*********#*#**********»#*****••• ****«*» 
C*** PHYSIOLOGICAL AND BEHAVIOURAL INPUT DATA 
DIMENSION PT(22),RGE1(22) 
DIMENSION RS(22,10),RS1(22) 
DIMENSION PY(9),SR(20,9),PT(10,9) 
DIMENSION DM(10),VP(20),VL(10),AC(10) 
DATA PY/1.,1.3,1.1,2.3,2.5,2.7,8.6,2.7,18./ 
DATA DM/.013,2*.026,3*.034,-045,-084,.065,0.076/ 
DATA VL/O.,.004,0.,.007,0.,.01,.01 ,.02,.02, .068/ 
DATA VP/5*0.035,5*0.08,5*0.075,5*0.068/ 
DATA A C / 0 . , . 0 4 , 0 . , . 0 4 , 0 . , . 0 4 , . 0 4 , . 0 4 , . 0 4 , . 1 4 / 
DATA SR/20*0 . , 
$ . 7 7 4 , . 9 0 8 , . 8 8 3 , . 8 8 4 , . 8 8 0 , . 8 8 0 , . 8 6 1 , .861 , . 7 2 8 , . 7 2 8 , 
$ .741 , .741 , . 6 7 9 , . 6 7 9 , . 5 4 1 , . 5 4 1 , . 4 5 2 , . 3 0 7 , . 1 1 0 , 0 . , 
$ 2 0 * 0 . , 
$ 2 0 * 0 . , 
$ 2 0 * 0 . , 
$ 2 0 * 0 . , 
$ 2 0 * 0 . , 
S 2 0 * 0 . , 
5 . 3 2 5 , . 3 2 5 , . 3 0 2 , . 1 1 5 , . 1 1 5 , . 0 3 , . 0 8 , . 0 7 , . 0 7 , . 0 6 , 
$ . 06 , . 06 , . 06, . 06 , . 0 6 , . 05 , . 05 , . 04, . 0 2 , 0 . / 
DATA FT/1 0 * 0 . , 
$ 8 . 6 , 6 . 3 , 6 . 3 , 5 . 4 , 5 . 8 , 5 . 3 , 5 . 1 , 6 . 0 , 4 . 3 , 2 . 5 , 
$ .011 , . 0 1 1 , . 0 0 9 , - 0 0 8 , . 0 0 7 , - 0 0 6 , . 0 0 5 , . 0 0 5 , . 0 0 5 , . 0 0 5 , 
$ . 0 1 5 , . 0 1 3 , . 0 1 1 , . 0 1 1 , . 0 1 0 , . 0 1 0 , . 0 0 9 , . 0 0 8 , . 0 0 3 , . 0 0 8 , 
$ .01 5 , . 0 1 3 , - 0 1 1 , . 0 1 1 , . 0 1 0 , . 0 1 0 , . 0 0 9 , . 0 0 8 , . 0 0 8 , . 0 0 8 , 
$ .01 5 , . 0 1 3 , . 0 1 1 , . 0 1 1 , . 0 1 0 , . 0 1 0 , . 0 0 9 , . 0 0 8 , . 0 0 8 , . 0 0 3 , 
S . 0 2 4 , . 0 2 1 , . 0 2 0 , - 0 2 0 , . 0 1 9 , . 0 1 4 , . 0 1 0 , . 0 0 9 , . 0 0 9 , . 0 0 9 , 
$ . 0 2 7 , - 0 2 3 , . 0 2 3 , . 0 2 3 , . 0 2 3 , . 0 2 2 , . 0 2 0 , . 0 2 0 , . 0 1 8 , . 0 1 5 , 
S . 0 4 0 , . 0 3 2 , . 0 3 1 , . 0 2 7 , - 0 2 6 , . 0 2 1 , . 0 2 1 , . 0 1 9 , . 0 1 9 , . 0 1 9 / 
NL=NCL+1 
NC=NCL+2 
MP=NST+1 
GUTC =5.2 
ENLARG =(NCL-1 .)/GUTC 
GUTM =21. 
OPTW =4.5 
EGG =3.2 
DLT =DELT 
DO 50 M=1,NST 
PN(M) =0. 
RS(1,M)=0. 
RS(NC,M)=0. 
50 CONTINUE 
DO 51 N=1,NCL 
I=N+1 
PST(I) =0. 
RS(I ,MP)=0. 
51 CONTINUE 
C*** 221 
(J*********************************************************************** 
C*** COMPUTATION OP THE RATE OP SUCCESSPUL ENCOUNTER AND 
C*** THE INVERSE OF THE TIME NEEDED TO RESORB AND EGEST 
C*** THE MASS EQUIVALENT TO THE CLASS-SPECIFIC PART OP THE PREY 
C*** 
DO 52 N=1,HCL 
I=N+1 
RGE1(I)=-RRGEMP/ALOG((N-.99)/N) 
DO 52 M=1,KST 
AC2 =0.013*(TEMP-11,9)*AC(M)/0.1094 
AC1 =AC(MP) 
ENCAA =(DM(MP)+DM(M))*SQRT(VP(H)*VP(N)+VL(M)*VL(M))*AC1*AC2 
ENCAR =(DM(MP)+DM(H))*VP(N )*AC1*(1 .-AC2) 
ENCRA =(DM(KP)+DM(M))*VL(M)*AC2*(1.-AC1)*0.33 
RSE =(ENCAA+ENCAR+ENCRA)*DS(M)*SR(N,M)*86400. 
TSC =(FT(1/2,11)/86400.)+(1./(AMAX1(R3E.1.E-5))) 
RS(I,M)=1./TSC 
RS(NL,M)=0. 
RS(I,MP)=RS(I,MP)+RS(I,M) 
52 CONTINUE 
RGE1(1 )=0. 
RGE1(NC)=1. 
RGE1(2) =0. 
C*** 
C*** COMPUTATION OP THE STEADY STATE DISTRIBUTION OF 
C*** THE FOOD CONTENTS OF THE GUT 
C*** 
SUMST =0. 
PST(1) =0. 
PST(2) =1. 
DO 54 N=1,NCL 
I=N+1 
RS1(I) =0. 
DO 53 M=1,NST 
PREY =AMIN1(GUTM-2.,PY(M)*ENLARG) 
11 = MAX1 (I-PREY.1.) 
RS(1,M)=0. 
RS1(I) =RS1(I)+PST(I1)*RS(I1,M) 
RS(NL,M)=0. 
53 CONTINUE 
RGE1(2) =0. 
P3T(I+1)=(-RS1(I)+PST(I)*(RS(I,MP)+RGE1(I)))/RGE1(1+1) 
SUMST =SUMST+PST(I) 
54 CONTINUE 
, DO 55 N=1,NCL 
I=N + 1 
PST(I) =PST(I)/SUMST 
55 CONTINUE 
c**************»************************»****«**#«*#»*#»***********#**** 
0*** INITIALIZATION OP THE FREQUENCY DISTRIBUTION OF 
C*** POOD CONTENTS OP THE GUT 
PT(1 ) =0. 
PT(NC) =0. 
DO 56 N=1,NCL 
I=N+1 
PT(I) =PTD(I) 
IP (TIME.LE.DLT) PT(I) = PST(I) 
RS1(I) =0. 
56 CONTINUE 
C*** 
C*** COMPUTATION OF THE RATE OF PREDATION 
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DO 58 N=1,NCL 
I=N+1 
DO 58 M=1,NST 
PREY =AMIN1(GUTM-2.,PY(M)*ENLARG) 
12 = MINI(GUTM-PREY+N.GUTM) 
11 = MAX1(I -PREY ,1. ) 
WHOLE =RS(I1,M)*PT(I1)*DLT 
PART =RS(I2,M)*PT(I2)*DLT 
RS1(I) =RS1(I) +WHOLE/DLT 
R31(NL)=RS1(NL)+PART /DLT 
PN(M) =PN(N) +PART+WHOLE 
58 CONTINUE 
C*** COMPUTATION OF THE FREQUENCY DISTRIBUTION OF FCGUT 
C*** AT TIME + DELT 
RGE =0. 
SUM =0. 
DO 59 N=1,NCL 
I=N+1 
DIG =RGE1(1+1)*PT(I+1) 
RGE =RGE+DIG/ENLARG 
RGE1(2)=0. 
PTD(I) =PT(I)*(1.-(RS(I,MP)+RGE1(I))*DLT)+(RS1(I)+DIG)*DLT 
SUM =SUM +PTD(I) 
59 CONTINUE 
GT =0. 
GUT =0. 
DO 60 N=1,NCL 
I=N+1 
PTD(I) =PTD(I)/SUM 
G =N-.5 
GUT =GUT+PTD(I)*G/ENLARG 
GT =GT +PST(I)*G/ENLARG 
60 CONTINUE 
c*********************************************************************** 
C*** REPRODUCTION IN RELATION TO FOOD INTAKE 
IF (TIME.EQ.DLT) FRESHW=OPTW 
WEIGHT =AMIN1(0PTW,FRESHW) 
FRESHW =FRESHW+(RGE-(TEMP-11.)*(GUT*0.01+WEIGHT*0.04))*DLT 
PROD =AMAX1(0.,FRESHW-OPTW) 
FRESHW =FRESHW-PROD 
REPR =REPR+(PROD/EGG) 
RETURN 
END 
ENDJOB 
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APPENDIX J LIST OF ABBREVIATIONS USED IN COMPUTER PROGRAMS 
A = angular deviation 
ABAND = abandoning the captured prey 
AC- = activity 
ADAPT = adaptation period allotted to the predator 
CATCH = catching a prey item 
COIN = coincidence in space 
D- = density 
DIST = distance between predator and prey 
DM- = diameter 
ENLARG = factor accounting for the enlargement of the gut size 
FC- = food content 
FDEPRT = time period of food deprivation 
-FI = food intake 
FINTIM = finishing time of the simulation 
FT = feeding time 
-G = gut 
-GE = gut emptying 
GUTC(ON) = gut content 
H- = handling 
HANDLE = handling a captured prey 
I- = initial 
M- = mean 
N- = number 
OPT- = optimum 
PART = partial ingestion (vs. WHOLE) 
PN = prédation rate 
PRC = probability of a prey capture 
PST = steady state probability 
PT = p(t) 
PTD = p(t + DELT) 
PY = food content of the prey 
R- = rate 
RDRAW = random drawing using the random number generator 
-REP = replicates 
REPDEL = time delay of prey replacement 
REPR = reproduction 
-RES = resorption 
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RR- = relative rate 
RSA = rate of successful attack (excluding feeding time) 
RSE = rate of successful encounter (including feeding time) 
-RW = predator is resting and prey is walking 
S- = sum 
SD = satiation deficit 
SEARCH = searching for prey 
SR- = success ratio 
TEMP = temperature 
TSC = time spent per successful capture 
V- = variance 
VL- = velocity 
VP = velocity of the predator 
-W = weight 
WHOLE = complete ingestion of the prey content 
-WR = predator is walking and prey is resting 
-WW = predator and prey are walking 
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